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Blanche: “Oh, Rose’s friend is Lebanese.”
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A hallmark of tumorigenesis and certain birth defect syndromes is the loss of ploidy that
can result from incorrect chromosome segregation. Chromosomes that are not
partitioned properly during mitosis are often fragmented, changing the genetic makeup
of daughter cells. Inheriting extrachromosomal fragments that contain cell survival
genes or losing chromosomal loci that encode tumor suppressors can promote tumor
development. Thus, it is essential to elucidate molecular mechanisms required for
correct chromosome segregation. Chromosomes are connected to mitotic spindle
microtubules by way of a proteinacous, chromosome-bound organelle called the
kinetochore. Two decades of research have confirmed that the conserved Aurora
B/AIR-2 kinase is required for multiple mitotic events including the proper attachment
of microtubules to kinetochores, activation of a checkpoint that monitors kinetochoremicrotubule attachment, and separation of daughter cells during cytokinesis. Our
previous work identified the C. elegans Tousled-like kinase (TLK-1) as an interactor and
substrate activator of AIR-2. However, the role of TLK-1 kinase activity in TLK-1promoted AIR-2 activation remained enigmatic. The research presented herein reveals
that the Aurora B-activating role of TLK-1 is independent of TLK-1 kinase activity in
vivo and suggests that this mechanistic function is conserved. Moreover, we
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hypothesized that phosphorylation influences TLK-1 protein-protein interactions.
Towards this goal, the execution of a tethered-catalysis yeast two-hybrid screen to
discover proteins that bind TLK-1 in a phosphorylation-specific manner was performed.
This screen identified cyclin B3 (CYB-3) as a phospho-TLK-1 interactor. The mitotic
defects caused by the loss of CYB-3 are profound and suggest that CYB-3 has crucial
roles in promoting kinetochore activity necessary for a critical point during mitosis: the
irreversible metaphase-to-anaphase transition. Altogether, these results suggest that
CYB-3 has an important role in kinetochore function and predict that CYB-3 influences
TLK-1-mediated AIR-2 activation.
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CHAPTER ONE: AN INTRODUCTION

1

The Fundamental Mechanism of Chromosome Segregation is Conserved
The ultimate goal of the cell cycle is to stably transmit the genetic material, DNA,
which is compacted into chromosomes. Chromosome segregation occurs during mitosis,
and dividing somatic cells of all eukaryotes utilize similar mechanisms for a common
purpose: to maintain ploidy. In humans, aneuploidy can result in developmental defects
such as Down’s syndrome; it can also promote tumorigenesis which often leads to death
(1, 2). Cancer biologists initially believed that karyotype changes in tumor cells were
simply a consequence of failed molecular events that had occurred early during cancer
development (e.g.- loss of tumor suppressor genes resulting in inappropriate cell cycle
progression and mitotic defects) (3). However, it is now clear that aneuploidy can be a
cause rather than a consequence of cancer (2, 3). Thus, it is crucial to study the
function of mitotic proteins to gain better molecular understanding of mechanisms
involved in chromosome segregation.
DNA is packaged into chromatin by being wrapped around structures called
nucleosomes that are formed of histone proteins (4). The importance of histone function
is highlighted by the observation that histone proteins and post-translational
modifications are extremely conserved (4). In all organisms, most regions of
chromosomes play passive roles during mitosis and are not directly involved in
segregation. Instead, a specific section of the chromosome called the centromere is the
“active” site where kinetochore proteins involved in attaching chromosomes to the
mitotic spindle assemble (5, 6). Although there are species-specific variations in
kinetochore protein composition, the structure and function of kinetochores are
conserved. On the other hand, the absolute requirement of centromeres for chromosome
segregation is confounded by the absence of conserved DNA sequences that specify
centromere location on chromosomes (7). However, the incorporation of CENP-A, a
histone H3 variant, exclusively at centromeres in all eukaryotes suggests that centromere
identity is maintained epigenetically (7).
Chromosomes are duplicated during S-phase, a stage that precedes mitosis.
Therefore, it is imperative that replicated chromosomes (termed sister chromatids) remain
paired to one another so that chromosome segregation is equational. Unpaired,
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duplicated chromosomes undergo random, uncontrolled segregation and are likely to
result in aneuploidy (8). To avoid this, protein complexes involved in DNA replication
interact with complexes that function to generate cohesion between sister chromatids (8).
Thus, DNA replication, packaging into chromatin, and cohesion are coupled processes
that are critical for subsequent chromosome segregation.
Early mitotic chromosomes are extended and relatively unstructured. This lax
morphology of chromosomes would result in chromosome entanglement, catenation, and
missegregation (9). Therefore, chromosome condensation is an important facilitator of
chromosome segregation. Histone-histone as well as DNA-protein interactions condense
chromatin into higher ordered structures that are competent for segregation (10).
Chromosome condensation also contributes to the proper orientation of kinetochores,
proteinacous organelles that interact with chromosomes and spindle microtubules (9).
Cells use microtubules to create connections between chromosomes and distally
localized structures called centrosomes. Microtubules are formed of tubulin dimers, and
tubulin protein sequences display little divergence between species (11). Chromosome
segregation requires microtubules and most spindles are formed by centrosome-nucleated
microtubules (11). However, germ cells and other acentriolar cells rely on chromatininduced nucleation of microtubules to drive chromosome segregation (12). Microtubules
are dynamic structures that are subject to many modes of regulation including posttranslational modification of tubulin and binding of microtubule-associated proteins
(MAPs) that affect microtubule-based processes (11).
Disrupting the structure/function of many of the mitotic features highlighted
above can devastate human health. Molecular techniques including comparative genomic
hybridization and fluorescence in situ hybridization have revealed that cancer cells are
highly aneuploid (13). The “aneuploidy theory” of cancer origin was proposed over a
century ago by Theodor Boveri, a german cell biologist studying chromosome
segregation in round worms (14). Boveri was the first scientist to suggest that genes were
located on chromosomes and discovered that centrosomes (which he named) were critical
mitotic structures (14). He suggested that gain of growth-promoting genes or loss of
growth-inhibitors in cancer cells due to altered chromosome number could contribute to
tumorigenesis. Indeed, the chromosome instability that results from errors in
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chromosome segregation is now appreciated as a central factor in cancer development
(3).
All together, this brief summary highlights key conserved cellular processes
involved in chromosome segregation. The next sections will explore the composition and
regulation of mitotic structures in greater depth, with a focus on the interplay between
proteins that are required for successful chromosome segregation. The focus will be on
conserved kinetochore complexes with an emphasis on results generated from studies
with Caenorhabditis elegans. The finale of the introduction will describe C. elegans in
detail and will explain the logic behind utilizing this nematode to study mitosis.
Chromosome condensation
Chromosome segregation would not be possible with an extended chromatin
structure due to the size restriction of cells and the propensity for DNA catenation and
entanglement (15). Molecular mechanisms compact interphase chromatin 10,000- to
20,000-fold to generate mitotic chromosomes that can be segregated appropriately by
spindle microtubules (16). Additionally, the double helical structure of DNA intertwines
the nitrogen nucleotide bases and increases the likelihood of DNA catenation (17). The
close proximity of chromosomes even in the most compacted structure may lead to
chromosome entanglement. Thus, mechanisms must exist to ensure that chromosomes
remain as individual entities throughout the cell cycle.
Upon entry into mitosis, histone H3 becomes phosphorylated at S10 (P-H3S10)
by Aurora B kinase concomitant with chromosome condensation (18). P-H3S10 is not
unique to mitosis and also regulates transcription during interphase (18). Although PH3S10 is used as a marker for cells in mitosis, accumulating evidence suggests that this
modification is neither necessary nor sufficient for complete chromosome condensation.
Budding yeast H3S10A phospho-mutants do not have reduced viability suggesting that PH3S10 is not required for condensation in this organism (18). In C. elegans,
chromosomes are condensed similar to wild-type levels when AIR-2/Aurora B is
depleted (19). In contrast, the best example of a functional role for P-H3S10 comes from
studies of chromosome condensation in cultured human cells. A phospho/methyl switch
has been identified whereby the P-H3S10 modification inhibits methylation at H3K9

4

(Me-H3K9) (20, 21). HP1 (heterochromatin protein 1) is a chromo-domain containing
protein that binds Me-H3K9 (22). HP1 molecules self-associate and propagate the
formation of silent chromatin by recruiting transcriptional inhibitors to DNA (22). PH3S10 inhibition of Me-H3K9 promotes chromosome condensation by effectively
removing HP1 and associated proteins from chromosomes to promote condensation
factor binding/function (20, 21). It is interesting to note that S. cerevisiae and C. elegans
centromeres are not flanked by heterochromatin-bound HP1 and therefore may not
require the phospho/methyl circuitry.
Conserved protein complexes called condensins are crucial for chromosome
condensation (10). Most organisms have two condensin complexes (I and II) that
facilitate condensation by trapping DNA supercoils. The condensin complex is a
tetramer composed of a heterodimer of SMC2/4 (structural maintenance of
chromosomes) and three non-SMC proteins (CAP-D2, CAP-G, and CAP-H) (10). The
SMC subunits dimerize via a C-terminal coiled-coil region to form a V-shaped structure
with the N-terminal ATPase domains associating with the non-SMC trimer (23). ATP
hydrolysis provides the energy required for the condensin complex to change
conformation and entrap DNA (23). Condensin complexes can also oligomerize and thus
contribute to higher order chromatin structure via intermolecular protein-protein
interactions (24). Interestingly, Cdk1-mediated phosphorylation of condensin activates
the supercoiling activity of the vertebrate condensin complex in vitro (25) and Aurora B
targets condensin to chromosomes (26, 27). Thus, phosphorylation is a key modification
that affects condensin function.
Topoisomerase II (Topo II) is an ATPase that changes the topography of DNA
into different isomers (28). Topoisomerases cause transient breaks in the DNA
phosphate backbone resulting in the unwinding of DNA strands and untangling of
chromosomes (28). Topo II function is required throughout mitosis for proper
chromosome structure and segregation. During early chromosome condensation, Topo II
activity is essential for chromosome individualization by decatenating intertwined
chromosomes (15). Chromosome individualization is important since in its absence
chromosome condensation would led to entangled chromosomes that are broken by
anaphase segregation (15). Topo II is also involved in sister chromatid resolution, a
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process during prophase in which the geometry of sister chromatid kinetochores becomes
back-to-back (28). A centromere-specific function for Topo II has been suggested by the
enrichment of the enzyme at centromeres as well as kinetochore defects that result from
chemical inhibition of Topo II (29). Similar to condensin function, phosphorylation by a
variety of kinases including Cdk1, Aurora B, Casein Kinase II, and protein kinase C
influence Topo II activity (30, 31).
Although the condensin complex and Topo II are involved in events concomitant
with condensation, both proteins are not sufficient for complete chromosome
condensation. For instance, the depletion of condensin subunits in many organisms does
not cause a complete loss of chromosome condensation (24). In C. elegans, the depletion
of the SMC-4 or HCP-6 condensin subunits results in severely defective chromosome
condensation and the complete absence of distinct linear chromosomes (19). However,
chromosomes show some degree of condensation at nuclear envelope breakdown
suggesting the presence of condensation pathways independent of condensins (19). Lines
of investigation in other organisms also suggest multiple pathways of chromosome
condensation independent of condensin and Topo II (32). Although their precise roles in
chromosome condensation remain unclear, the functions of the condensin complex and
Topo II are required for normal chromosome segregation. Topo II function is absolutely
required for normal anaphase chromosome segregation (33). Interestingly, the primary
function of condensins may be to stabilize or shape compacted metaphase
chromosomes (34).
Kinetochore assembly and function
The kinetochore is an organelle composed of protein complexes that mediate
interactions between centromeres and spindle microtubules (11). Transmission electron
microscopy (EM) has revealed the trilaminar structure of the human kinetochore that is
composed of a so-called inner plate (made of proteins involved in centromere binding),
outer plate proteins that bind to microtubules, with a space between the plates termed the
inner space (35, 36). However, the inner space has not been identified upon treatment of
cells with more advanced EM techniques, suggesting that the inner plate may be an
artifact of fixation (37).
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A fibrous corona extends from the outer plate in the absence of microtubule
binding (37). The function of this network is relatively unknown and unstudied. C.
elegans chromosomes are holocentric and build kinetochores along the entire length of
condensed mitotic chromosomes (38). In contrast, most species have monocentric
chromosomes that build kinetochores at a specific region on the chromosome called the
primary constriction (7). Despite this macroscopic difference, C. elegans holocentric
chromosomes display a similar trilaminar geometry when analyzed by EM (39),
suggesting that C. elegans kinetochores are extended versions of conventional
kinetochores. It is important to note that electron micrographs reveal the architecture of
fixed, static kinetochores, a representation that undermines the dynamic biology of
kinetochore structure/function.
Macromolecular complexes can be assembled in a variety of ways. For instance,
ribosomes are composed primarily of a dimer of a 60S and a 40S subunit. Other
biological processes including transcription rely on the coordinated activities of multiple
protein complexes (e.g.- histone modifying enzymes, nucleosome remodelers, basal
transcription factors, enhancer-binding entities, etc.). Research aimed at deducing
kinetochore protein composition in model organisms including C. elegans has revealed
that the kinetochore is assembled in a hierarchal manner from distinct complexes (38).
The proper function of the kinetochore depends on the interplay between the proteins
described below.
Centromeres contain the histone H3 variant CENP-A
Chromosome segregation demands that only one kinetochore assembles on each
sister chromatid at a region of the chromosome called the centromere. Dicentric
chromosomes that build two microtubule-binding kinetochores are fragmented during
anaphase segregation and contribute to chromosomal instability (40). Thus, centromere
location on chromosomes must be specified and maintained throughout cell division. In
most organisms, centromeric DNA is composed of highly repetitive 171-base pair !satellite sequences embedded in peri-centromeric heterochromatin (7). No particular
DNA sequence elements define the centromere in higher eukaryotes. However,
centromeres in S. cerevisiae are unique and have a defined 125-bp CEN sequence
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containing three conserved elements (CDEI, CDEII, and CDEIII) with no surrounding
heterochromatin (41, 42). CDE1 and CDEII DNA interact with a single nucleosome
containing the histone H3 variant Cse4/CENP-A (43, 44).
CENP-A/cenH3 is incorporated into nucleosomes specifically at centromeres and
is the epigenetic determinant of centromere identity. HCP-3 (holocentric protein) is the
C. elegans CENP-A homolog and it is present in nucleosomal arrays throughout the
entire length of each chromosome (45). Higher-order chromatin compaction during
mitosis tethers these arrays (or HCP-3 patches) together to form chromosome-long
centromeres (38). Thus, mitotic chromosomes contain coalesced HCP-3-containing
nucleosomes that act as a single element consistent with the repeat subunit model of
kinetochore architecture (Figure 1) (46). HCP-3 is required for kinetochore assembly and
embryos treated with hcp-3(RNAi) can not build kinetochores nor undergo chromosome
segregation (47). Lastly, centromeric chromatin is an integral part of the kinetochore and
in most organisms CENP-A is at the forefront of kinetochore assembly (7). Many
investigators have defined the kinetochore as a chromosomal domain or a DNA-protein
complex (48). Therefore, it is a matter of semantics whether the kinetochore is defined
with or without a chromatin component. The bottom line is: no centromere formation =
no kinetochore structure or function.
There are two species-specific molecules that participate in localizing
kinetochores to centromeres via binding to specific DNA sequences. Budding yeast
CDEIII is recognized by Ndc10, which is part of the CBF3 complex (which also includes
Ctf13, Cep3, and Skp1) (49). The CBF3 complex is essential for the localization of all
other kinetochore components and cbf3 mutants do not form functional kinetochoremicrotubule attachments in vivo (49). Thus, two DNA sequence-dependent pathways
contribute to kinetochore assembly in budding yeast: (1) CBF3 is the most upstream
kinetochore factor and is required for the centromere localization of Cse4/CENP-A and
(2) CENP-A incorporation into the single centromeric nucleosome at CEN DNA (44). In
vertebrates, CENP-B localizes to centromeres in a sequence-dependent manner. CENP-B
binds to CENP-B boxes that are present at regular intervals in !-satellite DNA (50).
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Figure 1. The repeat subunit model of kinetochore assembly
Kinetochore assembly and function during mitosis requires a specialized chromatin
structure at centromeres and incorporation of the CenH3 histone variant. CenH3 exists in
repetitive nucleosomal patches (green) interspersed by nucleosomes containing canonical
H3 (blue) (46). During interphase, CenH3 nucleosomes in monocentric species are
limited to a confined chromosomal region while CenH3 patches exist throughout
holocentric chromosomes. Mitotic chromosome condensation tethers CenH3 chromatin
domains together to form the centromere foundation for kinetochore assembly.
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Mammalian artificial chromosomes (MAC) have been an important biological
context to study centromere formation on chromosomes. MACs do not have centromeric
DNA sequences yet they can incorporate cenH3, assemble kinetochores, and are
segregated by the mitotic spindle (51). Investigations of MAC segregation in the absence
of CENP-B binding revealed that CENP-B and !-satellite DNA is essential for the
production of CENP-A chromatin and kinetochore assembly (51). Interestingly, CENP-B
that is targeted to non-centromeric chromosomal domains promotes heterochromatin
production but not de novo centromere formation (52). This suggests that CENP-B
stimulates centromere formation but also prevents the formation of excess centromeres
on chromosomes. However, given that CENP-B-null mice do not display kinetochore
defects (53), the epigenetic mechanism of CENP-A deposition appears to be most crucial
for centromere identity.
Mechanisms to selectively incorporate CENP-A at centromeric nucleosomes are
beginning to be identified. The Mis16-Mis18 complex in S. pombe was one of the first
molecular players involved in CENP-A deposition to be identified (54). Centromeres in
mis16 and mis18 mutants have increased levels of histone H3 and H4 acetylation (54).
With this insight, post-translational modification of core histones likely plays a crucial
role in promoting the centromeric chromatin structure required for CENP-A deposition.
RbAp46 and RbAp48 are human orthologs of Mis16 and are part of the NuRD histone
deacetylase complex (55). The human complex consists of RbAp46/48 associated with a
conserved Mis18 complex (55). In C. elegans, KNL-2 shares sequence homology with
Mis18BP1 and is essential for CENP-A centromere targeting (56). Lastly, budding and
fission yeast Scm3 were found to be CenH3 assembly factors (57-59). ScScm3 binds
Ndc10, a critical component of the CBF3 complex that specifies centromere function
(58). SpScm3 co-purifies with cenH3 from yeast cell extract and aides in cenH3
replacement of canonical H3 at centromeres in cooperation with Mis16 and Mis18 (59).
HJURP, a protein involved in DNA damage repair, is a human homolog of Scm3 and is
also required for efficient CENP-A centromere deposition (60).
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Proteins that link centromere-proximal and microtubule-interacting kinetochore
complexes
Biochemical purification of CENP-A from human cells has identified a network
of proteins that are constitutively present at centromeres even during interphase. These
proteins are called CCAN (constitutive centromere-associated network) and include
CENP-C and 13 interacting proteins (CENP-H, CENP-I, and CENP-K-U) (61). CENP-A
acts upstream of CCAN, and all CCAN members require CENP-A for centromere
localization. However, CCAN may reinforce or stabilize CENP-A-containing
nucleosomes once they are established (61).
The molecular dissection of the C. elegans kinetochore has been aided by
biochemical and cytological experiments with C. elegans embryos. The screening of
monoclonal antibodies isolated from hybridoma cell lines identified anti-sera that colocalized with the bona fide kinetochore protein HCP-3/CENP-A (62). This protein,
HCP-1, harbors coiled-coil domains and shares partial sequence homology with human
CENP-F. CENP-F is a highly conserved protein that influences multiple cell cycle
functions including microtubule dynamics and transcriptional regulation (63). The
localization of HCP-1 partially co-localized with HCP-3-containing centromeric
chromatin and was the second kinetochore protein identified in C. elegans (62). Searches
of the C. elegans genome with HCP-1 revealed homology with ~50% sequence similarity
to HCP-1 that was subsequently named HCP-2 (62). The combined depletion of HCP1/2 via RNAi resulted in chromosome segregation defects including anaphase bridging.
Further studies revealed that HCP-4 (C. elegans CENP-C) is required for kinetochore
assembly downstream of HCP-3 but upstream of HCP-1 (64, 65). Although human
CENP-C is part of CCAN, HCP-4 is not detected on interphase chromosomes (64). This
species-specific difference in the temporal localization of CENP-C may correspond to
differences in peri-centromeric chromatin structure. Monocentric centromeres are
surrounded by constitutive heterochromatin that remains relatively condensed throughout
the cell cycle. Holocentric centromeres are not embedded in heterochromatin and may
require mitotic chromosome condensation as a prerequisite for HCP-4 kinetochore
localization. Regardless, the results of these experiments revealed an important detail
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regarding C. elegans kinetochores: conservation of an ordered assembly pathway with
conserved kinetochore proteins.
RNAi-based genomic approaches have identified essential proteins required for
chromosome segregation during C. elegans embryogenesis (66). Genomic screens are
important since more directed approaches could miss important mitotic players that lack
sequence similarity in other organisms. Function-based genomic approaches revealed that
loss of KNL-1 results in a “kinetochore-null” phenotype similar to that caused by CENPA/CENP-C depletion (67). Unlike HCP-3/CENP-A and HCP-4/CENP-C, KNL-1 is not
required for the proper structure of centromeric chromatin. Instead, KNL-1 links
centromere-proximal kinetochore proteins to outer kinetochore microtubule-binding
complexes (67). KNL-1 co-immunoprecipitates with chromatin-proximal HCP-4 in
addition to NDC-80 and HIM-10/Nuf2, two subunits of the conserved microtubulebinding Ndc80 complex (67). Moreover, many outer kinetochore proteins including
NDC-80 and HIM-10 require KNL-1 for proper targeting (67). Interestingly, budding
yeast Spc105 and human AF15q14 share limited homology to KNL-1 and are also
required for chromosome segregation (68).
Tandem affinity purification techniques utilizing C. elegans embryo extracts have
gleaned biochemical insight into KNL-1-interacting proteins (69). Mass spectrometry
analysis of KNL-1 immunoprecipitates revealed the presence of several novel proteins
including KNL-3, KBP-1 - KBP-5 (KNL Binding Protein), and MIS-12, a C. elegans
homolog of the Mis12 family (70). KNL-3 is similar to ScSpc25, a kinetochore protein
that interacts with the ScNdc80 complex. The chromosome segregation defects resulting
from knl-3(RNAi) phenocopies ndc-80(RNAi), suggesting a conservation of function
between these two proteins (70). Importantly, the depletion of MIS-12, KBP-1, or KBP2 from C. elegans embryos results in the delayed recruitment of outer kinetochore
proteins and transient instability of kinetochore-microtubule attachments (70).
Biochemical work with purified kinetochore complexes revealed two microtubulebinding sites in the C. elegans kinetochore, one in the NDC-80 complex and the other in
KNL-1 (71). Altogether, this protein network was termed KMN (KNL-1, MIS-12, and
NDC-80) (71).
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Outer kinetochore proteins interact with microtubules and respond to their
presence
The proteins of the kinetochore function as a singular molecular machine whose
ultimate goal is to interact with microtubules to achieve bipolar spindle attachment. As
discussed above, the Ndc80 and Knl1 complexes form the microtubule-binding interface
at kinetochores. However, another class of bifunctional proteins can interact with
microtubules independent of the kinetochore and can also bind kinetochore proteins. The
Dam1 complex in yeast is a ten subunit microtubule-binding complex at kinetochores
(72). The kinetochore localization of Dam1 requires Ndc80 and microtubules, and Dam1
interacts with microtubules in vitro (73). Interestingly, ultrastructural investigations of
recombinant Dam1 complexes reconstituted in vitro revealed that Dam1 complexes can
self-associate to form ring-like structures around microtubules (73). The Dam1 complex
slides along microtubules and may couple microtubule plus-end depolymerization at
anaphase to chromosome movement (74). However, in vivo, Dam1 complexoligomerization occurs between one to four Dam1 complexes, a size that would preclude
ring formation around microtubules (75). Although sequence-based searches failed to
uncover Dam1 homologs in other organisms, recent evidence suggests that the Ska
complex is a higher eukaryotic functional homolog (76). Similar to the Dam1 complex,
the Ska1 complex interacts with microtubules, forms homo-oligomers, and couples
chromosome movement to microtubule depolymerization (77). Moreover, Ska1
oligomers do not form rings and ring formation is not required for Ska1 complex function
(77). Lastly, the Ska1 complex and the KMN network complement each other to
generate stable kinetochore-microtubule attachments (76).
Although several microtubule motor proteins localize to kinetochores, two key
motors required for multiple kinetochore functions are dynein and CENP-E. Dynein
serves many microtubule-related functions including vesicle and organelle transport,
centrosome separation and bipolar spindle formation, nuclear envelope breakdown by
microtubule puncture, and spindle assembly checkpoint silencing (78). Dynein is a 1.5
Megadalton complex composed of approximately twelve subunits (79). The two dynein
heavy chains dimerize and have ATPase activity, which is used for movement along
microtubules toward their minus ends at the centrosomes (79). The carboxy-termini of
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the heavy chains are responsible for microtubule binding whereas their amino-termini
interact with various dynein light and intermediate chains (80). Cargo proteins including
vesicles and organelles interact with the light and intermediate chains to facilitate
intracellular movement (80). CENP-E is a plus-end directed kinesin that contributes to
chromosome congression toward the mitotic spindle equator (81). CENP-E also
influences the spindle assembly checkpoint (see below).
In conclusion, the kinetochore is a large multi-protein machine that must be
temporally and spatially built and functionally modified to achieve equational
chromosome segregation. Kinetochore proteins represent critical understudied
candidates for mutation in cancer. In fact, four out of eight genes whose mutation
contributes to chromosome instability in colon cancer cells encode kinetochore proteins
(48). Moreover, the interdependency of kinetochore protein complexes for one another
and the large molecular weight and multiple functions of the vertebrate organelle
(detailed below) suggest many levels of regulation that could be lost due to mutation.
The Interplay Between Kinetochores and Microtubules
The spindle cytoskeleton is composed of !,"-tubulin dimers that assemble into
microtubules when nucleated from distinct cellular structures (Figure 2) (11).
Microtubules are energy-generating macromolecules: "-tubulin is a GTPase that releases
the energy stored in GTP during microtubule plus-end growth and energy is also released
when tubulin dimers are removed from shrinking microtubule plus-ends (11). A key
requirement of kinetochores is that they must be able to couple the dynamic properties of
microtubules to directed chromosome movement. After nuclear envelope breakdown,
kinetochores make monorientated and lateral attachments to microtubules resulting in
chromosome movement to centrosomes. This movement is mainly due to the activity of
minus-end-directed cytoplasmic dynein (82). Lateral attachments to microtubules would
not produce sufficient force for proper sister chromatid segregation nor permit the
generation of tension between sister chromatids that is required for anaphase entry. Thus,
mechanisms exist to antagonize dynein function and the poleward movement of
chromosomes.
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Figure 2. Microtubule nucleation at chromosomes and centrosomes
A) Chromosome-induced microtubule nucleation contributes to mitotic spindle assembly.
An activity gradient of RanGTP around mitotic chromosomes produced predominately at
kinetochores influences microtubule nucleation, most likely by regulating the function of
microtubule-stabilizing proteins. RanGTP activating proteins (RanGAPs) negatively
regulate RanGTP kinetochore localization to inhibit chromosome-induced microtubule
nucleation. B) Centrosome-induced microtubule nucleation is the major mechanism of
mitotic spindle assembly and requires the function of multiple mitotic kinases and
microtubule stabilizing/nucleating factors.
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Elaborate experiments performed three decades ago revealed that the spindle itself
produces a “polar ejection force” that antagonizes the poleward pull on kinetochores by
bound microtubules (Figure 3) (83). These experiments were aimed at determining if
both sister kinetochores are required for prometaphase chromosome oscillations of a
monoriented chromosome. They were testing the accepted notion that microtubule
attachment from the opposite spindle pole to the unattached kinetochore of a monoriented
sister chromatid pair was required to move the chromosomes to the spindle equator (84).
In these assays, laser microsurgery was performed on kinetochores in newt lung cells to
ablate one metaphase sister kinetochore while keeping the other microtubule-bound
kinetochore intact (83). The irradiated chromosome moved toward the attached spindle
pole as expected from laser-induced monorientation. If forces generated by microtubule
attachment to the normally non-irradiated kinetochore were needed for subsequent
congression to the spindle equator, the experimentally damaged chromosomes should not
undergo congression. However, robust chromosome oscillations similar to wild-type
prometaphase kinetics were observed, suggesting that spindle poles generate a force that
pushes chromosomes away from the pole (83). This “polar ejection force” was also
witnessed on chromosome arms that lack kinetochores. This outward force results from
astral microtubules acting along the chromosome to eject it from the polar region.
Finally, the authors suggest that the ejection force must decrease during anaphase and
predict that astral microtubule density changes may accompany anaphase onset (83).
Although the complete nature of these forces remain enigmatic, research in many
organisms including C. elegans has revealed that plus-end microtubule motor protein
chromokinesins (CeKLP-19) associates with non-kinetochore chromosomal regions to
generate a polar ejection force that is required for accurate chromosome segregation (85,
86). CENP-E, a plus-end directed kinetochore kinesin, also participates in moving
chromosomes away from spindle poles to the cell equator (81). Thus, microtubules and
microtubule-associated proteins produce forces driving sister chromatids away from
spindle poles.
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Figure 3. Polar ejection forces influence chromosome congression
The results of laser ablation studies on kinetochore function and chromosome motility
revealed that the spindle poles/centrosomes generate a pushing force against chromosome
arms (83). Prometaphase/metaphase kinetochores (purple figures) (A, one sister
chromatid pair is depicted) were subjected to laser microsurgery to create monooriented
chromosomes containing one functional, unperturbed kinetochore. As expected, sister
chromatids rapidly moved toward the centrosome of the attached sister kinetochore due
to the loss of kinetochore-microtubule attachment (green lines) to the damaged
kinetochore (B). If the laser-ablated kinetochore was required for subsequent sister
chromatid oscillations on the mitotic spindle (black lines), the chromatids were expected
to remain near the centrosomes (Outcome 1; size of arrow indicates magnitude of force
toward the centrosome). However, the chromosome oscillations witnessed in these
experiments revealed that chromosome arms are subject to kinetochore-independent
spindle forces (mainly from astral microtubules) that eject chromosomes from the
centrosome (Outcome 2).
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The initial attachment of chromosomes to spindle microtubules is by chance
encounters. Microtubules emanating from centrosomes randomly search the cytoplasm
and eventually capture a sister chromatid pair via kinetochore interaction (87). This
“search and rescue” mode of kinetochore-microtubule attachment is error-prone. The
proximity of a sister chromatid pair to one centrosome during early prometaphase
increases the likelihood that microtubules emanating from the centrosome will interact
with both sister kinetochores instead of only one. The syntelicity that results from this
incorrect attachment would be devastating to chromosome stability should it remain
uncorrected since segregation would not be equivocal (88). To correct aberrant
attachments, the spindle assembly checkpoint (SAC) is at work to lengthen the duration
of prometaphase and inhibit anaphase onset to offer time for correction mechanisms and
chromosome biorientation (89). Proteins involved in correcting improper kinetochoremicrotubule interactions function in parallel with the SAC to produce amphitelic
chromosome-spindle attachment (90). Lastly, in a 1997 Science review of how cells
obtain the correct number of chromosomes, Dr Nicklas wrote: “When cells divide, the
chromosomes must be delivered flawlessly to the daughter cells…chance events are the
starting point for chromosome delivery, which makes the process prone to error…tension
(between sister chromatids) stabilizes the proper chromosome configuration, controls a
cell cycle checkpoint, and changes chromosome chemistry” (87). In my opinion, a more
accurate and succinct account of global biochemical in mitotic chromosomes has never
been written. The next sections will explore in detail the tension that Dr. Nicklas was
referring to and why tension between bioriented sister chromatids is vital for maintaining
chromosome stability.

Kinases are Required for the Fidelity of Multiple Mitotic Events
Kinases influence all aspects of cell biology, including the cellular recognition and
cellular response to mitogens (mainly tyrosine receptor kinases), transcription of
developmental genes (hormone receptor kinases), and entry and progress through the cell
cycle (soluble serine/threonine kinases) (91). Kinases and cancer go hand-in-hand, and
much research has been devoted toward developing drug inhibitors of the aforementioned
classes of kinases for therapeutic benefit (92). Drugs that target mitogen-activated
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tyrosine kinases (including those inhibiting Abl and EGF (epidermal growth factor
receptor)) have proven successful at ameliorating certain cancer types (93). However, it
is now appreciated that mitotic kinases can play a direct role in cancer by promoting
mitotic entry at inappropriate times and also by influencing chromosome stability. For
example, the analysis of gene expression profiles in a variety of tumors suggests that
mitotic kinases are at the top of the list of genes that, with altered expression/function,
contribute to chromosome instability (94). Drugs targeting mitotic kinases have the
potential to inhibit mitotic entry and stop tumor cell division. Also, the inherit genetic
instability of cancer cells might worsen and become detrimental to tumor growth upon
pharmacological antagonization of kinases involved in promoting chromosome stability
(95).
The functions of cyclin-dependent kinases (cdks) are most crucial for cell cycle
progression. Cdks are heterodimeric proteins consisting of an enzyme and a regulatory
subunit (cyclin) (96). The binding of cyclins to Cdks partially activates Cdk kinase
activity, yet full activation requires post-translational modifications at conserved Cdk
residues (96). The crystal structure of monomeric Cdk2 was the first to be resolved and
revealed that unphosphorylated Cdk2 is inactive due to an incorrectly orientated ATP
molecule and a T-loop configuration that occludes substrates from the active site (97).
Cyclin A binding to Cdk2 reorientates the ATP for phospho-transfer and moves the Tloop away from the substrate docking site, and an activating phosphorylation stabilizes
this conformation (98). Importantly, cyclins are expressed in a temporally controlled
manner throughout the cell cycle. Since all Cdks have a similar consensus sequence for
phosphorylating target proteins, the different Cdk tertiary structure resulting from cyclin
binding is unique for each cyclin and is essential for substrate specificity (99). Although
yeast express only one Cdk (cdc28 in S. cerevisiae and cdc2 in S. pombe), higher
eukaryotes have between two and twelve loci encoding Cdks (100) .
Cdk mutations rarely occur in tumor cells. Instead, downregulation of Cdk
inhibitors including the INK4 and Cip/Kip families and upregulation of cyclins are
frequently detected in most human cancers (100). Interestingly, not all Cdks are involved
in cell cycle progression but rather influence diverse processes including transcription via
RNA polymerase II phosphorylation (Cdk7 and Cdk8), and are components of the TFIIH
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transcription factor complex and Cdk activating kinase complex (Cdk7) (101). Cdk1 is
the mitotic kinase that, when bound to either A- or B-type cyclins, promotes centrosome
duplication, spindle assembly, chromosome condensation, nuclear envelope breakdown,
spindle assembly checkpoint function, and anaphase onset by APC phosphorylation
(100). Key substrates of Cdk1 include Histone H1 (102) and HMG to facilitate
chromosome condensation, lamin phosphorylation leading to nuclear envelope
breakdown (103), and positive-feedback regulation by cdc25 phosphorylation (104).
The Aurora kinases are a family of conserved serine/threonine proteins involved
in nearly all aspects of chromosome segregation (105). The founding member of the
Aurora kinases was first identified from genetic screens performed with S. cerevisiae
aimed at identifying gene products required to maintain ploidy (106). This screen
identified two alleles of a gene that resulted in chromosome missegregation and increased
ploidy at restrictive temperatures (106). This gene was named ipl1 (increase in ploidy)
and its product encodes the only Aurora homolog in budding yeast, which is most
functionally similar to Aurora B. The vertebrate Aurora family consists of three
members: Aurora A, B, and C (105). Aurora A localizes to centrosomes and pericentrosomal microtubules and is involved in centrosome maturation, separation, and
nucleation of microtubules that make up the mitotic spindle (105). Aurora B associates
with chromosomes during mitotic stages up to anaphase, at which point it dissociates
from chromosomes and relocalizes to the spindle midzone (105). As discussed below,
Aurora B has many pivotal functions in mitotic chromosome and microtubule dynamics.
Thus, it is not surprising that small molecule inhibitors of Aurora kinases are currently
under clinical investigation (107), given the crucial role these kinases play in promoting
spindle formation (Aurora A) and the association of microtubules with chromosomes
(Aurora B). Interestingly, an Aurora A mutant that is experimentally mislocalized to
chromosomes can efficiently substitute for Aurora B (108). This result confirms the
importance of targeting Aurora kinases to distinct subcellular destinations for substrate
specificity and undermines the difficulty in producing drugs that inhibit a specific Aurora
kinase. Lastly, Aurora C is expressed in germ cells and influences meiotic chromosome
segregation (109).
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Aurora B (and the entire chromosomal passenger complex) initially localizes to
chromosomes during prophase and is a mitotic histone H3 (S10) kinase (18). As
discussed above, P-H3S10 may not be a critical mitotic post-translation modification.
Instead, Aurora B-mediated phosphorylation of the Scc1 subunit of the cohesin complex
has a bona fide functional role and contributes to loss of cohesion from chromosomal
arms during prophase (88). Cohesin must be removed from chromosomal arms during
prophase to facilitate efficient sister chromatid separation at anaphase onset. However,
cohesin at the centromere must remain intact and functional until the metaphase-anaphase
transition to inhibit precocious sister chromatid segregation. Aurora B-mediated
phosphorylation of centromeric cohesin complexes is minimized by Shugoshindependent centromere localization of PP1, a phosphatase that antagonizes Aurora B
function (110). Aurora B contributes to chromosome condensation by targeting the
condensin complex to chromosomes in some but not all organisms (105). As discussed
above, the precise role of Aurora B with regard to condensin function remains elusive
and condensin subunits have not been shown to be substrates of the kinase (105). Aurora
B has many kinetochore functions including spindle attachment and checkpoint signaling.
Investigations of Ipl1/Aurora kinase targets in budding yeast have revealed functional
phosphorylation of the Dam1 and Ndc80 microtubule-binding complexes.
Phosphorylation of Dam1 by Ipl1 results in the dissociation of the microtubule-associated
Dam1 complex from kinetochores and thus kinetochore unoccupancy (111). Importantly,
Dam1 phospho-mutant yeast phenocopy ipl1ts growth defects, suggesting that Dam1 is a
critical target of Ipl1 (111). Ndc80 is a conserved Aurora B target that, once
phosphorylated, has reduced affinity for microtubules (71). Another Aurora B substrate
is MCAK, a microtubule depolymerase at metazoan kinetochores. Phosphorylation of
MCAK by Aurora B inhibits its depolymerase activity and therefore stabilizes
kinetochore-microtubules (112). Lastly, Aurora B influences the spindle midzone
localization and function of MKLP1 (mitotic kinesin-like protein) and MKLP2 during
anaphase/telophase to promote microtubule dynamics required for appropriate cytokinetic
furrow function and the completion of mitosis (88).
All Aurora B homologs share a common function: to destabilize incorrect
kinetochore-microtubule interactions that do not produce tension between sister
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chromatids. They perform their various tasks by serving as the enzymatic core of the
conserved chromosomal passenger complex (CPC) that consists of INCENP (CeICP-1),
Survivin (CeBIR-1), and Dasra/Borealin (CeCSC-1) (105). ICP-1 influences proper
AIR-2 function by mediating the interaction between AIR-2 and the CSC-1/BIR-1
subcomplex (113). In monocentric organisms, each of the CPC subunits is
interdependent for complex formation and localization. However, a C. elegans ICP1/BIR-1/CSC-1 subcomplex can form in the absence of AIR-2 (113). Since the
chromosome-long kinetochores built on holocentric chromosomes may be more prone to
incorrect attachments to the mitotic spindle, these results suggest that additional levels of
AIR-2 regulation may exist that involve an ICP-1/BIR-1/CSC-1 complex.
Several lines of evidence suggest species-independent modes of Aurora B
regulation. First, Aurora B homologs share striking primary sequence similarity (Figure
6). The kinase domain is at the carboxy-terminus of the protein and shows little sequence
divergence. Second, Aurora B activity is crippled by mutations at conserved residues.
For example, the ipl1-1 allele in budding yeast (106) causes a P340L amino acid
substitution and results in a temperature-sensitive (ts) phenotype (Figure 6). air2(or207ts) is an AIR-2 allele that results in an identical amino acid change and a similar
ts lethality (114). Third, INCENP is a conserved substrate activator of Aurora B. Aurora
B phosphorylates conserved C-terminal residues of INCENP, a modification that
positively feeds back on Aurora B activity (115).
There are a variety of ways that protein function can be influenced including
cycles of phosphorylation and dephosphorylation, subcellular localization, and the
binding of regulatory proteins. Aurora B activity is impacted by each of these
mechanisms. PP1 (protein phosphatase 1) has a conserved antagonistic function against
Aurora B and dephosphorylates Aurora B and its substrates (116, 117). How can a
phosphorylation event on an Aurora B substrate be maintained in a cellular environment
where PP1 levels are not limiting? One method to potentiate Aurora B signaling is by
enriching the CPC at subcellular locations including chromatin (118). CPC enrichment
increases the substrate phosphorylation/dephosphorylation ratio by decreasing substrate
accessibility to PP1. In these experiments, anti-INCENP antibodies were used to cluster
Aurora B-Incenp molecules together, resulting in autoactivation of Aurora B (118).
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These conclusions are consistent with structural studies of Aurora B bound to INCENP
that suggested in trans phosphorylation of INCENP by Aurora B (i.e.- neighboring
Aurora B complexes phosphorylate one another) (119). Therefore, CPC activation is
concentration and localization dependent.
Protein interactors that influence Aurora B activity include CPC and non-CPC
proteins. As described above, INCENP is a critical Aurora B regulator in the CPC.
TD60 (telophase disc-60kd) is a non-CPC inner centromere protein required to localize
the Xenopus CPC to centromeres (120). TD60 cooperates with microtubules to activate
Aurora B and stimulate in trans CPC phosphorylation and activation (121). Our lab has
identified CDC48.3, a AAA-ATPase protein, as a direct interactor and inhibitor of AIR-2
protein levels and kinase activity (122). We also determined that TLK-1 (Tousled-like
kinase) serves as a substrate activator of AIR-2 to influence chromosome segregation
(123, 124).
Tousled kinases target serine/threonine residues in their substrates to influence a
variety of cellular processes. The prototype TLK (termed Tousled (TSL)) was first
identified in Arabidopsis as a gene product required for proper organ development in
flowers (125). Mammalian Tlk1 and Tlk2 were cloned and discovered to be highly
active and linked to DNA replication during S-phase (126). hTLK1 and hTLK2
dimerize, autophosphorylate, and are subject to functional regulation by phosphorylation
during the cell cycle (126). The identification of the chromatin assembly factor Asf1 as a
Tlk1 substrate and interactor suggested a mechanism by which Tlk1 may influence
chromatin structure (127, 128). However, the in vivo functional consequence of Tlk1mediated Asf1 phosphorylation remains largely elusive but may regulate the stability of
Asf1 (129).
The initial characterization of Tlk1 and Tlk2 revealed that DNA damaging agents
and drugs that inhibited replication led to a rapid downregulation of Tlk kinase activity
(126). Further investigation of the molecular mechanism of Tlk1 inactivation revealed
ATM and Chk1 as critical upstream factors in the process (130). Chk1 phosphorylates
and inactivates Tlk1 during the cellular response to DNA damage (131). Although the
link between Chk1 and Tlk1 is interesting, these results will remain enigmatic until
downstream targets and exact cellular processes influenced by Tlk1 are discovered.
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Moreover, the nature of the signal that triggers ATM-dependent downregulation of Tlk1
remains unknown but may involve changes to chromatin structure rather than specific
DNA lesions (130, 132). It has also been suggested that “…the cell cycle arrest
following the alteration of chromatin structure due to TLK misregulation may occur
through the activation of the DNA damage checkpoint pathway.” (128). Thus, a
correlative relationship exists in higher eukaryotes between TLK and the assembly of
chromatin structures that affect cell cycle progression.
C. elegans TLK-1 is required for transcription during embryogenesis although its
exact role in transcriptional events is unknown (133). Interestingly, yeast Asf1
participates in histone eviction during transcription of pho5 and pho8 genes (134). Thus,
it is possible that TLK-1 functions with ASF-1 to remove histones from promoters or
other critical chromatin regions to generate a chromatin environment permissive for
transcription. Although Tousled kinases are most highly expressed during S-phase,
Tousled function is not limited to S-phase events. We have also shown that TLK-1
participates in chromosome segregation by influencing AIR-2 activity (123). AIR-2
phosphorylates TLK-1 at S634 in vitro and in vivo, a modification that increases TLK-1
kinase activity and positively feeds-back on AIR-2 activity (123). The activation of AIR2 by TLK-1 does not require TLK-1 kinase activity but does depend on the presence of
ICP-1 in vitro (123). Also, the chromosome segregation defects in embryos harboring a
hypomorphic temperature-sensitive allele of air-2 at semi-permissive temperatures are
enhanced by tlk-1(RNAi) (123). These results strongly suggest that TLK-1 is necessary
for proper AIR-2 function during mitosis.
Similar to the Aurora kinases, Polo kinases target serine/threonine residues of
many proteins to influence virtually all aspects of mitosis. Polo was first identified in
Drosophila as a gene product required for embryonic and larval viability via regulation of
appropriate centrosome number, structure, and function (135). Human Plk1 participates
in mitotic entry by phosphorylating and activating Cdc25C, a phosphatase that removes
inhibitory phosphorylations on Cdk1 (136). In fact, Cyclin B-Cdk1 phosphorylates
Cdc25C and serves to prime Cdc25 for Plk1 interaction (137). This interaction is
mediated by conserved Plk1 residues that make up the PBD (polo box domain), a motif
that binds phosphorylated S/T residues. Binding of the PBD to Plk1 substrates results in
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a conformational change in Plk1 and increased kinase activity (137). In addition, Plk1
phosphorylates and inactivates Wee1, a kinase that negatively regulates Cdk1 (138). A
prerequisite for Plk1-mediated Wee1 inhibition is Cdk1-dependent phosphorylation of
Wee1. Plk1 also phosphorylates Cyclin B at centrosomes to contribute to Cdk1
activation and the cellular commitment to mitosis (139).
Plk1 is essential for bipolar spindle assembly in many organisms. Depletion of
Plk1 in human cells causes monopolar spindle formation due to centrosome maturation
and separation defects (140). Plk1 directly associates with #-tubulin and may help
facilitate its incorporation at centrosomes (141). Chromosome-localized Plk1 cooperates
with Aurora B during the phosphorylation- promoted removal of chromosomal arm
cohesin during prophase (142). Plk1 participates in the spindle assembly checkpoint by
facilitating BubR1 kinase activation by Cdk1 (143). During later mitotic stages, Plk1
promotes APC activation by phosphorylating multiple APC subunits (144). However,
Plk1 is not essential for APC function, but may cooperate with Cdk1 to augment APC
activity (145). Lastly, Plk1 translocates from chromosomes to the central spindle via
recruitment by proteins including Mklp1 and Mklp2 that also serve as Plk1 substrates
(146). Plk1 also appears to influence abscission, a very late stage of cytokinesis, through
an as yet unclear pathway (145).
Recent evidence suggests that Cdk1 and Plk1 converge on Aurora B signaling.
Cdk1 phosphorylates INCENP, a subunit of the CPC, to promote Plk1 binding via its
PBD (147). The interaction of Plk1 with INCENP is essential for the relocation of the
chromosomal passenger complex from chromosomes to the spindle midzone at the
metaphase-anaphase transition (147). Moreover, Xenopus Polo kinase phosphorylates
and primes substrates for subsequent Aurora B phosphorylation (121). Thus, a kinase
cascade is beginning to emerge that involves Plk, Cdk1, and Aurora B signaling that
ultimately influences entry into anaphase.
C. elegans homologs of Cdk1, Aurora B, and Plk1 have been cloned and
functionally characterized. CDK-1 (also called NCC-1 for nematode cell cycle) has been
shown to influence nuclear envelope breakdown during oocyte maturation and is required
for mitotic divisions in the germline, embryo, and adult proliferative tissue (148, 149).
Wee1 homologs (WEE-1.1, WEE-1.2, and WEE-1.3) negatively regulate CDK-1
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function and are required to limit CDK-1-mediated maturation of oocytes to those that
are most proximal to the spermathecae (150).
AIR-2 (Aurora and Ipl1 related) is required for proper meiotic and mitotic
chromosome segregation (151). AIR-2 phosphorylates the REC-8 subunit of the cohesin
complex during meiosis to remove sister chromatid cohesin at anaphase of the second
meiotic division (152). air-2(RNAi) results in failure of polar body extrusion (remnants
of the two meiotic divisions that follow fertilization) (151). The first mitotic division
also requires AIR-2 for appropriate anaphase segregation (153). Similar to other
organisms, AIR-2 exists and is functionally active in the chromosomal passenger
complex (CPC) that includes ICP-1 (INCENP, BIR-2 (Survivin), and CSC-1 (similar to
hBorealin) (113). Importantly, loss of AIR-2 has not yet been shown to cause improper
kinetochore-microtubule attachments as would be expected from conclusions drawn
about Aurora B in other organisms. Unlike the substantiated role that Aurora B plays in
SAC signaling (90), AIR-2 is not required for SAC activation in response to monopolar
spindles (154), although its role in bipolar SAC activity has not been researched. Thus,
although AIR-2 displays much functional homology with Aurora B, the requirement of
AIR-2 for certain Aurora B-influenced mitotic events remains inconclusive. Lastly, AIR2 contributes to cytokinesis by influencing the spindle midzone localization of ZEN-4
kinesin (also known as MKLP1) (114). AIR-2 binds ZEN-4 in vitro, suggesting that
AIR-2 recruits ZEN-4 to the central spindle to influence microtubule bundling at that
location (114). AIR-2 is not required for cleavage furrow invagination but rather for the
continued maintenance or function of proteins involved in actomyosin ring contraction
(114).
PLK-1 is required for oocyte nuclear envelope breakdown prior to fertilization
and polar body extrusion (149). plk-1(RNAi) does not result in centrosome maturation
defects or monopolar spindle formation, suggesting that PLK-1 does not contribute to
these events in the early embryo. Instead, plk-1(RNAi) results in chromosome
missegregation with no evidence of anaphase figures (149). Moreover, cytokinesis
furrow invagination begins but is not completed in embryos depleted of PLK-1,
indicating a conserved function for Polo kinases during the final stages of cytokinesis.

29

The Spindle Assembly Checkpoint
Kinetochores are neither static nor passive microtubule-binding structures.
Instead, kinetochores actively monitor the attachment state of microtubules to
kinetochores. After nuclear envelope breakdown during prometaphase, microtubules
emanating from centrosomes execute a search-and-capture activity as they randomly
probe the cytoplasm for a kinetochore connection (89). Kinetochores initially bind
microtubules laterally resulting in the translocation of the entire chromosome to the
spindle pole/centrosome (monopolar attachment) (89). This movement results from the
activity of kinetochore-bound dynein, a minus-end directed microtubule motor protein
(82). Microtubules are polar structures with stable minus ends (congregated at
centrosomes) and dynamically growing and shrinking plus ends that are localized distal
to centrosomes (i.e.-kinetochores). Thus, dynein contributes to the centrosome
localization of chromosomes during prometaphase (82). Although the search-and-capture
model is attractive, a novel mechanism of kinetochore-microtubule attachment has been
identified. This model suggests that chromosomes themselves nucleate microtubules
(likely catalyzed by chromosome-localized Ran GTPase) that interact with centrosomegenerated microtubules to facilitate kinetochore-spindle association (155, 156).
After the initial monopolar attachment of one sister kinetochore of a sister
chromatid pair, various types of microtubule attachment can occur to the unoccupied
kinetochore during prometaphase chromosome congression (Figure 4). Sister
kinetochores that have not established attachments with microtubules or have incorrectly
established attachments produce a “wait-anaphase” signal (157). Types of inappropriate
attachments include syntelic (both sister kinetochores bind microtubules from the same
pole), merotelic (one sister kinetochore interacts with microtubules emanating from both
poles), and monotelic (same as monopolar) (158). Moreover, the close proximity of
sister kinetochores to centrosomes during early prometaphase increases the likelihood of
merotelic attachments. Thus, a mitotic checkpoint called the spindle assembly
checkpoint (SAC; also known as spindle checkpoint) surveys kinetochore-spindle
attachments and inhibits anaphase until all metaphase chromosomes have bipolar,
amphitelic (both sister kinetochores interact with microtubules arising from the
appropriate pole) character (158).
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Figure 4. Kinetochore-microtubule attachments and the spindle assembly
checkpoint
A variety of wrong kinetochore-microtubule (K-Mt) attachments exist during
chromosome congression (Prometaphase) that activate the spindle assembly checkpoint
(SAC). Monotelic: Spindle microtubule attachment (green lines) to one sister
kinetochore (purple ovals) and microtubule unoccupancy at the paired kinetochore.
Syntelic: Both sister kinetochores interact with microtubules emanating from the same
spindle pole. Merotelic: Microtubules originating from both poles interact with the same
sister kinetochore. Red arrows indicate the incorrect K-Mt interactions. Monotelic and
syntelic attachments are recognized (by relatively enigmatic mechanisms), leading to
SAC activation and attempts at reorientation. However, merotelic attachments generate
enough tension between sister chromatids to silence the SAC. Chromosome biorientation
at the metaphase plate and amphitelic K-Mt attachment generate spindle tension, SAC
silencing, and anaphase onset.
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Key proteins involved in SAC signaling have been identified. Several SAC
proteins were identified from genetic screens performed in budding yeast selecting for
mutants that could not inhibit mitotic progression in the presence of spindle poisons
(159). These screens identified Mad1, Mad2, and Mad3 (mitotic arrest deficient) as well
as Bub1 and Bub3 (budding uninhibited by benzimidazoles). SAC proteins are highly
conserved, and research utilizing model organisms including Xenopus egg extracts and
cultured human cells has revealed the molecular details of SAC activity. Mad2 can exist
in two structurally distinct conformations (open (O) vs. closed (C)) (89). C-Mad2 is a
more potent inhibitor of Cdc20, an activator of the APC (Anaphase Promoting Complex,
an E3 ubiquitin ligase that targets key proteins for proteolysis), than is O-Mad2 (89).
Thus, the ratio of C-Mad2/O-Mad2 is important and suggests the need to propagate the
production of C-Mad2 when the SAC is engaged. A “template model” has been
proposed whereby a complex of Mad1 and C-Mad2 at the kinetochore recruits O-Mad2
from the cytosol via Mad2 dimerization to generate more C-Mad2 (160). C-Mad2 is
removed from kinetochores when bound to Cdc20, effectively disrupting APC activation
(161). Also, the released C-Mad2/Cdc20 complex likely catalyzes the conversion of
cytosolic O-Mad2 to C-Mad2, amplifying the originally weak, kinetochore-produced
signal (162).
Although kinetochores produce a “wait anaphase” signal, evidence suggests that
additional kinetochore-independent signals can be generated and propagated.
Biochemical purifications from HeLa cells isolated a mammalian cytosolic MCC (mitotic
checkpoint complex) that contains BubR1, Bub3, Cdc20, and Mad2 (163). The MCC is a
much better in vitro inhibitor of the APC than is recombinant C-Mad2. Moreover, the
MCC is present during interphase when mature, fully assembled kinetochores do not
exist (163). Thus, kinetochore-generated SAC signaling is thought to cooperate and
potentiate the ability of the MCC to inhibit the APC, perhaps by modifying the APC at
kinetochores (89). The MCC is conserved and exists in eukaryotes from yeast to human
(164). In C. elegans, biochemical attempts to identify cytosolic MCC from embryo
extract have not been attempted. However, a functional SAC exists during C. elegans
embryogenesis and is activated when kinetochore-microtubule attachments are perturbed
(154, 165). Recent analysis of the C. elegans SAC has identified bipartite characteristics,
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with a largely cytosolic BUB-3/MDF-3 (Mad3, also known as SAN-1) component and
kinetochore-based MDF-1 (Mad1)/MDF-2 (Mad2) signaling (154). Kinetochore
complexes including KNL-1, NDC-80, and Rod/Zwilch/Zw10, as well as BUB-1
influence the generation of the kinetochore-based signal (154). SPDL-1, a C. elegans
Spindly homolog, interacts with and targets MDF-1 to kinetochores (166). Interestingly,
Spindly also associates with dynein at kinetochores to promote SAC silencing (167),
suggesting that Spindly and dynein might compete for Mad1 binding during SAC
activation and inactivation, respectively.
SAC activation is coordinated with the status of kinetochore-microtubule
attachments largely by way of kinase signaling. The conserved Aurora B kinase (AIR-2
in C. elegans) somehow recognizes non-amphitelic attachments and destabilizes them so
that bipolarity can be reattempted (168, 169). In budding yeast, Ipl1/Aurora kinase
creates unattached kinetochores that activate the SAC (168). However, metazoan Aurora
B appears to have separable functions in SAC activation and destabilizing wrong
kinetochore-microtubule attachments (90). Intriguing evidence suggests that a
subcomplex of Sli15 (CeINCENP) and Bir1 (CeSurvivin) interacts with centromeres and
microtubules to activate Ipl1 when microtubules are not under tension (170), indicating
that the CPC may directly monitor spindle tension. Therefore, it is important to note that
although Aurora B is part of a major tension-sensing mechanism, it itself is unlikely to be
part of the mechanosensing machinery. Instead, proteins that associate with Aurora B
may relay the state of sister kinetochore tension to Aurora B to activate (no tension) or
inhibit (full tension) its kinase activity.
Although Ipl1 is indirectly involved in SAC activation (by creating unattached
kinetochores), Aurora B activity in higher eukaryotes, however, is required to localize the
SAC proteins Bub1 and Mad2 to kinetochores (171). Also, human Aurora B inhibits the
association of dynein with the ZW10 and Rod subunits of the RZZ kinetochore complex
at tensionless kinetochores, blocking dynein-dependent SAC silencing (see below and
(172)). Thus, Aurora B may couple the status of sister chromatid tension to SAC
activation. Curiously, C. elegans AIR-2/Aurora B is not necessary for SAC activity
during embryogenesis, since air-2(RNAi) does not inhibit SAC signaling that is induced
by monopolar spindles (154). However, profound anaphase chromosome bridging occurs
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in AIR-2-defective embryos, likely caused by incorrect kinetochore-microtubule
attachments (153). Besides Aurora B, Polo kinase (Plk1) also has a conserved role in
regulating kinetochore-microtubule attachments in part by phosphorylating BubR1, a
kinase involved in SAC signaling that also influences kinetochore-microtubule stability
(173).
That proteins involved in SAC activation would participate in establishing stable
attachments (to ultimately inactivate the SAC) might seem paradoxical, yet other SAC
proteins including Bub1 and Bub3 also contribute to bipolar attachments (174, 175).
Similarly, kinetochore proteins that bind microtubules also influence the SAC. For
instance, the KMN network that forms the key microtubule-binding interface at
kinetochores regulates SAC activity. Human blinkin (a C. elegans KNL-1 homolog
found in the metazoan KMN complex) directs Bub1 and BubR1 to kinetochores for SAC
activation (176). The KMN component Mis12 is required for checkpoint signaling and
recruits the RZZ complex to kinetochores to facilitate Mad1 and Mad2 signaling (177).
Additionally, the Ndc80 complex is also required for SAC activation. Yeast mutants of
the Ndc80 complex cannot activate the SAC yet global kinetochore structure and
assembly remains intact (178). Since the SAC requires intact outer-kinetochore structural
proteins, the absence of the SAC in Ndc80 mutants is consistent with the notion that
kinetochore-microtubule interactions directly affect the checkpoint.
Although mechanisms that maintain SAC activity are known, less is understood at
the molecular level about SAC inactivation. Yet, Bub1 and BubR1 are kinases that are
mutated in several colorectal, lung, and breast malignancies and their inactivation also
contributes to premature chromatid separation syndrome (179, 180). It is therefore
imperative to elucidate molecular mechanisms that contribute to SAC silencing,
since upregulation of these pathways could contribute to premature SAC
inactivation, chromosome instability, and cancer. Cdc20 is an important APC
activator and must be removed from the inhibitory binding of C-Mad2. One method of
Cdc20 regulation involves interaction of p31comet with C-Mad2 to release Cdc20 and
promote APC activation (181). p31comet interacts with residues in Mad2 responsible for
homodimerization, effectively inhibiting the production of C-Mad2 from O-Mad2 (181).
Another SAC silencing mechanism involves microtubule binding to kinetochore-
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localized CENP-E resulting in the inhibition of BubR1 SAC signaling (182).
An additional level of SAC silencing at kinetochores involves dynein-dependent
removal of SAC proteins from kinetochores. SAC proteins including Mad1 are cargo for
the light chains of the dynein complex (183, 184). Dynein attenuates the SAC by binding
to SAC proteins at kinetochores and moving along kinetochore-microtubules to
centrosomes (82). Proteins including the RZZ complex and Spindly target dynein to
kinetochores to deactivate the SAC (185). Finally, the outer kinetochore proteins Ska3 in
human cells contributes to SAC silencing. Ska3 is a recently identified protein that is
part of the microtubule-binding Ska1 complex (77). Ska3 shRNA in HeLa cells results in
improper prometaphase chromosome congression and a block at metaphase (186). This
block requires SAC proteins and therefore results from continued SAC activity.
Importantly, kinetochore-microtubule attachments are robust in Ska3-depleted cells (76).
These data led to a model suggesting that Ska3 “reads” the tension-specific status of
multiple microtubule attachments at each kinetochore. Even in the presence of bipolar
attachment of chromosomes to the mitotic spindle, the absence of Ska3 results in the
inability of kinetochores to recognize that proper attachments have been achieved,
resulting in prolonged SAC activity (76).
Recent evidence suggests that Aurora B-mediated signaling must also be silenced
so that kinetochore-microtubule attachments are stabilized. For instance, the kinetochore
structure achieved when sister chromatids are properly bioriented at the metaphase plate
influences Aurora B substrate availability (187). In this model, tension between sister
chromatids physically sequesters kinetochore targets from Aurora B. Moreover, this
model suggests that decreasing Aurora B activity is unnecessary for SAC inactivation
(187). However, there are outstanding questions about the “metaphase kinetochore
structure” model including: 1) Why would Aurora B not be able to interact with
kinetochore proteins even at tensed kinetochores? What would physically block Aurora
B from diffusing within the inner centromeric space to interact with kinetochores under
tension? 2) What magnitude of incorrect kinetochore-microtubule attachments would
generate a kinetochore structure permitting Aurora B phosphorylation of kinetochore
proteins? Would this amount be physiologically relevant in relation to the number of
microtubules that interact with kinetochores? Lastly, the PP1 phosphatase contributes to
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SAC inactivation by counteracting Aurora B substrate phosphorylation (188, 189). These
observations suggest that active mechanisms to silence Aurora B-dependent SAC
activation are at play, with kinetochore structure playing a more passive role.

Studying Mitosis Utilizing Caenorhabditis elegans as a Model Organism
All organisms require stable chromosome segregation for proper embryonic
development and a disease-free adulthood. Accurate division of single-cell organisms
like S. cerevisiae is important for population growth and survival. In C. elegans, mitotic
chromosome segregation is important for pre-meiotic germ cell proliferation, embryonic
development, and post-embryonic somatic divisions of adult tissues including intestine,
ventral cord, and germline (190). Although nematodes do not develop cancer, loss of
chromosome segregation fidelity can lead to embryonic lethality or defects in the
development of adult tissue (190). Also, C. elegans is suitable for forward and reverse
genetic analyses and is also a proven biochemical system for defining protein complexes
(69, 191).
C. elegans is a terrific model organism to study meiotic and mitotic processes.
The hermaphrodite gonad is a U-shaped symmetrical structure with the proximal gonad
close to the spermathecea and the distal gonad near the apical surface of the animal (192).
The distal tip of the gonad contains primordial cells that function as a stem cell-like
population for the generation of oocytes (192). Cells in the distal tip divide mitotically
and transition into oogenesis spatially, with progressive meiotic prophases occurring in
the proximal gonad. Diakinetic oocytes near the spermathecea contain 6 bivalents that
each contain two paired homologous chromosomes (192). MSP (major sperm protein)
promotes oocyte maturation, consisting of morphological changes in oocyte shape,
oocyte cell growth, nuclear envelope breakdown, and activation of kinases including
MPK-1 (ERK), CDK-1, and AIR-2 (193). Fertilization occurs when oocytes traverse the
spermathecea, sperm entry defines the embryo posterior and stimulates exit from meiotic
prophase and the two meiotic divisions of the maternal pronucleus at the anterior cell
cortex (190). Two polar bodies are extruded, resulting in a haploid complement of
chromosomes that, paired with the paternal chromosomes, produces a
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Figure 5. The first mitotic division in the C. elegans embryo
After fertilization and meiotic chromosome segregation (not shown), the maternal (M)
and paternal (P) pronuclei replicate their DNA and pronuclear migration ensues. The
maternal pronucleus migrates toward the paternal pronucleus at the posterior cortex
(arrows indicate the migration distance of each pronucleus away from the respective
cortex). Centrosomes (purple circles) separate on the paternal pronuclear membrane and
begin to build the mitotic spindle (purple circles and lines). After pronuclear meeting
(PNM), the nucleus/spindle apparatus rotates to align with the A-P axis and is
asymmetrically localized to the posterior of the embryo. Nuclear envelope breakdown
defines the start of prometaphase and chromosomes congress by kinetochore attachment
to spindle microtubules. Chromosomes align at the metaphase plate concomitant with
amphitelic K-Mt attachment and the generation of tension between sister chromatids
(green arrows). Sister chromatids separate at anaphase, chromosomes decondense during
telophase, and cytokinesis completes the first mitotic division.
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diploid embryo with six pairs of chromosomes (190). The sperm-derived centrosome and
the condensed paternal pronucleus remain at the posterior end of the embryo as the
maternal pronuclear divisions occur. Subsequently, the paternal chromatin decondenses,
centrosomes and chromosomes duplicate, and pronuclear meeting occurs near the
posterior embryo cortex (190).
Pronuclear meeting marks the onset of prophase of the first mitotic division
(Figure 5). The spindle-nucleus apparatus rotates 90° to align with the A-P axis of the
embryo. During this period or shortly thereafter, the nuclear envelope disassembles and
prometaphase chromosome congression ensues. Chromosomes align at the spindle
equator during metaphase, but the spindle equator is not equivalent to the embryo
equator. That is, the mitotic spindle is localized asymmetrically toward the posterior of
the embryo to give rise to daughter cells that differ in size (194). Anaphase chromosome
segregation and cytokinesis complete the first mitotic division.
Various methods exist to introduce dsRNA into C. elegans larvae for RNAimediated depletion of germline and embryonic proteins (190). These include soaking
worms in dsRNA solution, ingestion of E. coli with plasmid-based expression of dsRNA,
and microinjection of dsRNA directly into the larval gonad. Protein levels after RNAitargeting are reduced 90-95% compared to wild-type (190). Therefore, meiotic divisions
and the first embryonic mitosis can be studied after selective deprivation of a protein of
interest.
As mentioned previously, mechanisms underlying chromosome segregation are
largely conserved. Moreover, the C. elegans genome encodes homologs of mitotic
proteins that function in similar ways regardless of species (e.g. Aurora B, Cdk1, Ndc80,
Knl1) (190). C. elegans offers a unique opportunity for studying kinetochore biology
since its chromosomes are holocentric and build kinetochores that represent elongated
conventional kinetochores (38). The increased size of C. elegans kinetochores facilitates
phenotypic analyses of centromere/kinetochore architectural changes during sister
chromatid resolution and kinetochore-microtubule attachment. Another factor that aids
in studies of kinetochore geometry is the rigidity and rod-like structure of C. elegans
mitotic chromosomes (38). Chromosome rigidity reduces the uncertainty that changes in
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kinetochore architecture are due to chromosome stretching/bending rather than altered
kinetochore function.
The C. elegans researcher has a molecular toolkit from which to choose the
appropriate experimental procedure to answer a biological question. Transgenic animals
expressing proteins tagged with short epitopes (e.g.- HA, myc, etc) can be generated to
perform in vivo localization and immunoprecipitation assays with highly specific
commercially available antibodies. Since not all attempts at generating antibodies are
successful, epitope tags can be crucial for determining protein interactions and
subcellular localization. Also, the expression of fluorophore-conjugated (e.g.- GFP,
mCherry) proteins permits live-cell imaging of embryos under diverse experimental
conditions (195). Data gleaned from live imaging does not suffer from fixation artifacts
and reveal a clearer picture of alterations in the temporality and spatiality of mitotic
processes in mutant or RNAi-treated animals. The generation of stable transgene
expression in the germline and early embryos, however, has been difficult. Although
transgenes can be injected into young adults and exist in oocytes as extrachromosomal
arrays, germline silencing of the arrays mediated by HMG and Polycomb group proteins
is common (196). A newer technique called bombardment uses high velocity to deliver
DNA-coated beads into animals (197). This technique is advantageous because the
transgene is often integrated into the genome at a single locus and mimics the expression
level of the native protein. However, it can be extremely difficult to generate transgenic
animals due to the low frequency of successful transgene delivery, large number of
animals from which to screen for positive transformants, and low expression of the
transgenic protein (196). Recently, a Mos transposon technique has been developed for
targeted integration of transgenes in C. elegans (198). Although this procedure has been
suggested to be highly efficient and noncomplex, results from our lab and others suggest
that the method is riddled with difficulties.
The results described in this dissertation were obtained by research performed
with two model organisms: Saccharomyces cerevisiae and Caenorhabditis elegans. The
data explained in the next chapter focuses on the heterologous expression of TLK-1, a C.
elegans AIR-2/Aurora B activator, in yeast to gain insight into the mechanism of TLK-1induced Aurora B activation. Chapter Three discusses a tethered catalysis yeast two-
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hybrid screen that was performed to identify proteins that interact with TLK-1 in a
phosphorylation-specific manner. Chapter Four reveals pivotal mitotic roles for CYB-3,
one protein identified from the two-hybrid screen, during C. elegans embryogenesis.
Lastly, Chapter Five reiterates several key conclusions drawn from my experimental
results. In addition, Chapter Five presents interesting hypotheses and experiments that
expand on the data presented within these pages. Altogether, my data indicate that
TLK-1 contributes to chromosome segregation at least in part by functioning as a
platform for mitotic kinase signaling.
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CHAPTER TWO: DETERMINING IF TLK-1 KINASE
ACTIVITY IS REQUIRED FOR TLK-1-MEDIATED
AURORA B ACTIVATION
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Introduction
Our previous results revealed a critical role for TLK-1-mediated AIR-2 activation during
C. elegans embryogenesis (123). However, several open questions remained. For one, is
TLK-1 kinase activity required for its activation of AIR-2 in vivo? It is important to
ascertain if TLK-1 kinase activity is required to potentiate AIR-2 function since many
kinase cascades rely on activating phosphorylations. As an example, the DNA-damage
response requires activating phosphorylations of Chk1 and Chk2 kinases by ATM and
ATR kinases (199). Although we found no evidence that AIR-2 is a substrate of TLK-1
in vitro (123), it is possible that TLK-1 phosphorylates AIR-2 or another member of the
CPC in vivo to increase AIR-2 activity. We also desired to determine if TLK-1
expression and S634 phosphorylation were sufficient for AIR-2 activation in vivo.
Advantages of utilizing Saccharomyces cerevisiae for analyzing the in vivo
sufficiency of TLK-1-promoted AIR-2 activation
Establishing C. elegans transgenic lines can be difficult due to transgene
silencing, lethality resulting from ectopic expression of essential genes with noninducible promoters, and low probability of chromosome integration causing variable
expression (197). Our previous results suggested that AIR-2-mediated phosphorylation
of TLK-1 at S634 was both necessary and sufficient for in vitro AIR-2 activation by
kinase-inactive TLK-1 (123). However, it remained unclear if S634 modification or
TLK-1 kinase activity was sufficient to activate AIR-2 in vivo. In order to answer these
questions, multiple transgenic animals would have had to been generated (e.g.- animals
expressing S634A phospho-mutant and S634E/D phospho-mimetic TLK-1 with or
without kinase domain mutations). What is more, overexpression of Drosophila TLK
results in embryonic lethality indicating that the level of TLK must be strictly regulated
(128). Also, endogenously produced wild-type TLK-1 would have confounded the
conclusions drawn from the TLK-1-mutant phenotypes since TLK-1 molecules likely
dimerize (126, 200). This issue could have been circumvented by performing selective
RNAi degradation of the wild-type transcript and sparing of the transgenic product by
codon substitution (i.e.- replacing nucleotides of the transgene with nucleotides that
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would generate identical amino acids) (201). However, several models suggest that
RNAi can progressively recognize sequences outside of the targeted region so there is no
guarantee that codon substitution would have completely shielded the transgene from
degradation (202).
Budding yeast offer several advantages for the molecular dissection of TLK-1induced AIR-2 activation. Firstly, Aurora B, AIR-2, and Ipl1 are highly conserved in
sequence and function (Figure 6). Secondly, genomic sequence searches have failed to
identify Tousled homologs in S. cerevisiae. Therefore, TLK-1 mutant-induced changes
in budding yeast viability could be reasonably attributed to the TLK-1 mutations and
would not have to rely on a dominant-negative function of the mutant protein. Thirdly,
the level of wild-type and mutant TLK-1 expression is expected to be nearly equal since
each protein is transcribed by the same Gal4 promoter and the cultures are induced at
similar time points during culture growth. Fourthly, biochemical purification from yeast
extract can be efficiently performed and a variety of epitope-tagged Ipl1/Aurora strains
are available. The ability to synchronize yeast at a particular cell cycle stage, which is
not possible in C. elegans, would also clarify temporal interactions between TLK-1 and
Ipl1.
Results
TLK-1 mutants that mimic AIR-2-directed S634 phosphorylation suppress Ipl1
mutants independent of TLK-1 kinase activity
Previous results suggested that heterologous expression of hTlk1 suppresses the
growth defect of yeast harboring a ts ipl1 allele (203). The conclusions drawn in this
manuscript suggested that hTLK1 substituted for Ipl1 in histone H3S10 phosphorylation
(203). Our previous work suggested that TLK-1 does not phosphorylate H3 at S10 in
vitro or in vivo (133). Although we cannot exclude the possibility that TLK-1 acts in a
redundant fashion towards H3S10 phosphorylation, it is fully feasible that hTlk1
suppressed the ipl1ts phenotype by acting as a substrate-activator of Ipl1. Moreover,
H3S10 phosphorylation is not required for chromosome segregation in budding yeast, so
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Figure 6. Comparison of Ipl1, AIR-2, and Aurora B primary protein structure and
hypomorphic alleles relevant to the present study
Amino acid sequence alignment of the Aurora B homologs from S. cerevisiae (ScIpl1),
C. elegans (CeAIR-2), and H. sapiens (HsAurora) displays the positions of identical
amino acids (black), amino acids with similar biochemical properties (grey), and
dissimilar residues (white). The kinase domain (highlighted with a grey bar)
encompasses a significant portion of the protein. Both an asterisk and an arrow denote
the IPL1 alleles utilized in this study. Of note, one of the IPL1 alleles, ipl1-1, shares the
exact same point mutation as a hypomorphic allele of AIR-2, air-2(or207ts), previously
shown to impair AIR-2 function at restrictive temperatures (114). The other allele of
IPL1, ipl1-2, also changes a conserved amino acid within the kinase domain (116).
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it is unlikely that increased P-H3S10 levels contributed to ipl1ts suppression by hTlk1
(18).
To determine if TLK-1 can suppress ipl1ts growth defects, wild type and ipl1-1
mutant yeast were transformed with either an empty vector control or wild type TLK-1.
The vector contains a galactose-inducible promoter and expresses V5-tagged TLK-1
when galactose is used as a carbon source. Equal concentrations of wild type and ipl1-1
cells were serially diluted and plated on either glucose or galactose medium with
incubation at 30°C (permissive) or 35°C (semi-permissive) (Figure 7). Ipl1-1 cells
containing an empty expression vector grew similar to wild type cells at 30°C (Figure
7A), consistent with previous data on the range of temperatures that make cell
proliferation sensitive to ipl1-1-related defects. The growth of ipl1-1 cells at 30°C on
galactose medium was slightly defective, suggesting that Ipl1 is a positive regulator of
galactose catabolism or, more likely, that galactose stresses the cell division process.
Ipl1-1 cells exhibited a growth defect on glucose or galactose-containing medium at 35°C
that was strongly suppressed by wild type TLK-1 (Figure 7B). There are a few
explanations for the suppression of ipl1-1 defects on medium that should not drive TLK1 expression (glucose). The suppression of ipl1-1 defects by TLK-1 on glucose medium
suggests incomplete GAL1 promoter repression in the presence of glucose. Also, cell
growth is more efficient when glucose is used as a carbon source compared to galactose
because the latter sugar stresses yeast metabolism.
A previous study suggested that Tlk1 alleviates ipl1ts lethality through a TLK-1
kinase activity-dependent bypass suppression mechanism (203). However, our data
suggest that TLK-1 kinase activity is dispensable for AIR-2 activation in vitro (123). To
ascertain if TLK-1 must be catalytically active to suppress ipl1ts growth defects, a TLK-1
mutant harboring a missense mutation in the kinase domain that cripples TLK-1
activation was expressed in ipl1-1 and an isogenic wild type strain. Kinase-inactive
TLK-1 suppressed the ipl1-1 growth defect nearly as well as wild-type TLK-1 (Figure
7B). In addition, the kinase-independent suppression of crippled Ipl1 function by TLK-1
was not specific for the ipl1-1 allele. Kinase-dead TLK-1 also suppressed the cell
lethality of an IPL1 strain harboring a stronger allele, ipl1-2, in a ts fashion (Figure 8, A
and B) (106). These results suggest that the functional contribution of TLK-1 with
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Figure 7. Kinase-independent suppression of ipl1-1 cells by TLK-1
ipl1-1 cells and an isogenic wild type strain were transformed with the indicated
galactose-driven plasmids, serially diluted five-fold on glucose or galactose medium, and
incubated at 30°C or 35°C for five days. Cells containing an empty vector served as
controls.
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regard to ipl1ts suppression is unlikely to be due to a parallel pathway stimulated by
TLK-1 that increases the fidelity of chromosome segregation. Instead, these results
provide compelling evidence that kinase-dead TLK-1 is sufficient to activate Aurora B in
vivo.
Our previous results suggested that TLK-1 S634 is a critical residue that, once
phosphorylated by AIR-2, increases AIR-2 activity (123). We hypothesized that
TLK-1-mediated ipl1ts suppression might also be dependent on S634 phosphorylation.
To test the contribution of TLK-1 S634 to Ipl1 kinase activity in vivo, the growth of wild
type and ipl1-1 yeast cells expressing full-length TLK-1 harboring the phospho-mutant
S634A or the phospho-mimetic S634E were compared (Figure 7, A and B). The growth
of ipl1-1 cells was suppressed by TLK-1(S634E) at each condition (30°C or 35°C,
glucose or galactose) similar to the suppression of ipl1-1 by wild type TLK-1 (Figure 7,
A and B). In contrast, TLK-1(S634A) was unable to suppress ipl1-1 growth defects.
These data indicate that phosphorylation of TLK-1 at S634 enhances Ipl1 function and
promotes colony growth. Since ipl1-1 and ipl1-2 defects are attributed to chromosome
missegregation (106), these results imply that TLK-1 attenuates ipl1ts lethality by
enhancing the fidelity of chromosome segregation.
Ipl1 co-purifies with TLK-1 isolated from yeast extract
Our model suggests that TLK-1 interacts with Ipl1 to potentiate Ipl1 kinase
activity. Although kinase-substrate interactions are often transient, we sought to
determine if TLK-1 interacts with Ipl1 in vivo. A strain expressing myc-tagged Ipl1
under its native promoter was transformed with an empty vector control or V5-tagged
WT TLK-1, TLK-1KD, TLK-1(S634A), and TLK-1(S634E) (Figure 9A). Protein
extracts were made from these myc-Ipl1/V5-TLK-1 strains after growth in galactose to
induce TLK-1 expression. V5-TLK-1 was immunopurified with the V5 antibody and the
presence of myc-Ipl1 was assessed by western blot analysis (Figure 9A). Myc-Ipl1 copurified with TLK-1 regardless of the mutational status of TLK-1. V5
immunoprecipitations from empty vector-containing cells did not display myc-Ipl1
confirming the specificity of the TLK-1/Ipl1 interaction. These results suggest that

51

Figure 8. Kinase-inactive TLK-1 suppresses ipl1-2 lethality
ipl1-2 cells and a wild type isogenic strain were transformed with the empty vector
(control) or a galactose-inducible plasmid expressing catalytically inactive TLK-1,
serially diluted five-fold, plated and grown on galactose or glucose medium at (A) 25°C
or B) 30°C for five days.
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Figure 9. TLK-1 immunopurifications contain Ipl1
A) The indicated V5-tagged TLK-1 proteins were isolated from a myc-Ipl1 expressing
strain using an anti-V5 antibody, separated on SDS-PAGE, and subject to Western
analysis. The blots were probed with an anti-myc antibody to visualize the coprecipitation of myc-Ipl1 and then stripped and reprobed with an anti-V5 antibody to
detect TLK-1. An anti-V5 IP from myc-Ipl1 cells transformed with an empty vector
served as a negative control. Lanes are as follows: LD: load; S: supernatant after
pelleting V5 Protein G beads; P: washed V5 Protein G bead pellet. B,C) The myc-Ipl1
strain transformed with wt V5-TLK-1 was arrested in G1 with alpha-factor, followed by
wash-out and resuspension into fresh medium without the drug. The mitotic index was
assessed by visual examination of bud size (large indicates mitosis) from aliquots taken 0,
1, 2, and 3 hours post-release, and cells were subjected to lysis followed by B) Western
analysis of whole cell extract with V5 and myc antibodies, and C) Immunoprecipitation
with V5 antibodies followed by western analysis with the indicated antibodies. Extracts
from each time point had similar amounts of protein as visualized by Ponceau S staining
(Load).
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TLK-1 incorporates into an Ipl1-containing complex in vivo and that the TLK-1 mutants
are not grossly defective in protein folding or stability.
Ipl1 is highly active during mitosis but is also expressed in S-phase, albeit at
reduced levels (204). Because Tousled kinases function predominantly during S-phase,
we wanted to determine if TLK-1 co-purifies with Ipl1 during mitosis. Moreover, yeast
kinetochores bind microtubules throughout the cell cycle suggesting that TLK-1 may be
enhancing potential S-phase Ipl1 functions related to the kinetochore (205). To
determine the temporal association of Ipl1 and TLK-1, the myc-Ipl1 strain was grown in
galactose to promote wild type V5-TLK-1 expression followed by an alpha-factor G1
arrest. Aliquots taken at 0,1, 2, and 3 h after release into fresh medium were visually
inspected for the presence of large buds (indicative of mitosis) and subjected to
immunoprecipitation with the anti-V5-TLK-1 antibody. Although the galactose
concentration remained constant throughout the experiment, V5-TLK-1 protein levels
were highest during mitosis (Figure 9B) and V5 immunoprecipitates contained myc-Ipl1
(Figure 9C). Therefore, we conclude that TLK-1 robustly associates with Ipl1 during
mitosis. Furthermore, TLK-1 appears to become stabilized specifically during mitosis,
perhaps via Ipl1 binding or phosphorylation.
Although V5-TLK-1 immunopurifications contained Ipl1, high concentrations of
TLK-1 had to be isolated to detect the interaction (Figure 9A). We were comforted by
the fact that S. cerevisiae kinetochore proteins are expressed at very low levels, making
their identification by immunoprecipitation technically difficult by requiring large
volumes of yeast extract (205). However, we reasoned that confirming the TLK-1/Ipl1
interaction via an independent and more stringent method would support our conclusion
that TLK-1 associates with Ipl1.
The TAP-tag method is a tandem-affinity purification procedure consisting of two
rounds of protein purifications (206). The TAP tag consists of a TEV protease cleavage
site floxed by protein A and calmodulin-binding peptide domains. TAP-tagged proteins
and their interactors are precipitated by IgG::Agarose, re-solubilized by TEV cleavage of
crude complexes, and re-purified with a calmodulin-immobilized resin (206). This twostep procedure has been utilized to elucidate the molecular composition of many protein
complexes in a variety of organisms. To determine if TLK-1 associates with highly
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purified Ipl1 complexes, a strain expressing TAP-Ipl1 from the IPL1 endogenous locus
was transformed with the wild type TLK-1 plasmid. Cells were incubated in galactosecontaining medium to induce TLK-1 expression and protein extracts were generated for
immunoprecipitation. Western analysis of the eluates after the two-step purification
revealed the presence of V5-TLK-1 in samples enriched for TAP-Ipl1 (Figure 10).
Moreover, V5-TLK-1 protein levels were proportional to the amount of TAP-Ipl1
suggesting a likely 1:1 or 1:2 (due to TLK-1 dimerization) stochiometric relationship
(Figure 10). These results provide strong evidence that TLK-1 incorporates into Ipl1
complexes in vivo.
Ipl1 isolated in the presence of TLK-1 exhibits increased kinase activity
We speculated that TLK-1-induced suppression of ipl1ts lethality correlated with
increased Ipl1 kinase activity that was dependent on TLK-1 S634 phosphorylation (123).
To decipher if V5-TLK-1 augments myc-Ipl1 activity in vivo, we transformed kinasedead (KD) TLK-1 constructs into the myc-Ipl1 strain. The myc-Ipl1 strains were grown
in galactose to induce TLK-1KD, TLK-1KD(S634A), and TLK-1KD(S634E) expression
followed by protein purification and immunoprecipitation with the V5 antibody. In
parallel cultures, myc-Ipl1 complexes were isolated from the myc-Ipl1 strain transformed
with the empty V5 vector by !-myc immunoprecipitation. We compared the level of
myc-Ipl1 kinase activity in the presence or absence of the TLK-1 mutants by performing
kinase assays with the precipitated proteins and endogenously added MYBP as substrate
(Figure 11, A and B). Protein levels of V5-TLK-1 and myc-Ipl1 were assessed by
western analysis with the appropriate antibodies. TLK-1KD immunoprecipitations
showed a significant increase (~6-8-fold) in MYBP phosphorylation compared with mycIpl1 immunoprecipitations (Figure 11, A and B). However, the phosphorylation status of
TLK-1 at S634 did not influence Ipl1 activity in this assay since TLK-1KD increased Ipl1
activity to similar levels irrespective of the S634A or S634E mutations. Altogether, we
conclude that TLK-1 interacts with Ipl1 and, by a function independent of TLK-1 kinase
activity, increases Ipl1 function to suppress ipl1ts defects.
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Figure 10. TLK-1 co-precipitates with TAP-Ipl1 from yeast extract after a stringent
two-step purification
Western analysis of the eluates obtained after the two-step purification for detection of
V5-TLK-1 and TAP-Ipl1.
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Figure 11. Kinase-dead TLK-1 increases the kinase activity of Ipl1
immunoprecipitates
(A) The indicated V5-TLK-1 proteins were isolated from myc-Ipl1 yeast extract via V5
immunoprecipitation (IP:V5) and incubated with myelin basic protein (MYBP) to assess
the kinase activity of myc-Ipl1 within TLK-1 immunoprecipitates. Myc-Ipl1 was isolated
from vector-transformed cells to determine the activity of Ipl1 against MYBP in the
absence of kinase-dead TLK-1 (IP::MYC). Lanes labeled 1-4 indicate increasing
amounts of myc precipitates to ensure that increased P-MYBP correlates with greater
concentrations of Ipl1. (B) Quantitation of MYBP phosphorylation in the indicated TLK1(KD)-containing Ipl1 immunoprecipitates compared to Ipl1 isolated without TLK-1
(labeled Ipl1). Error bars indicate standard deviations from the means of three
independent experiments.
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ZM447439, an Aurora B inhibitor, inhibits AIR-2 but not Ipl1 in vitro
We have shown that TLK-1 binds and activates AIR-2 and also associates with
and activates Ipl1 (124). These results suggest a conserved mechanism of TLK-1mediated Aurora B activation independent of TLK-1 kinase activity. However, the
functional consequence of Aurora B-mediated TLK-1 S634 phosphorylation remains
somewhat unclear. Although TLK-1(S634A) did not suppress ipl1ts growth defects
(Figure 7, A and B), Ipl1 isolated via TLK-1(S634A) immunoprecipitation displayed
kinase activity similar to Ipl1 in wild-type TLK-1 purifications (Figure 11, A and B).
Also, in vitro assays revealed that TLK-1(S634E) did not significantly increase the kinase
activity of Ipl1, yet TLK-1(S634E) suppressed ipll1ts lethality (Figure 11 and Figure 7,
respectively). If phosphorylation of TLK-1 by AIR-2 confers a subtle structural change
to the kinase domain of AIR-2 (similar to the slight conformational change of just a few
residues within the Aurora B kinase domain by phospho-INCENP (pg. 44)), the inability
of the in vitro kinase assays to reveal a TLK-1(S634E)-dependent increase in Ipl1 activity
could be due to evolutionary differences in kinase domain residues or tertiary structures
of Aurora B homologs.
Drug inhibition can provide evidence of structural changes in homologous
proteins. For instance, structure-based approaches utilizing three-dimensional structural
models of Aurora kinase domains have been instrumental in designing small molecule
inhibitors selective for Aurora A or Aurora B (207). Thus, an drug inhibitor of higher
eukaryotic Aurora B may not efficiently inhibit Aurora B homologs in lower eukaryotes
due to subtle changes in the kinase domain. ZM447439 is a selective small molecule
inhibitor of human Aurora B and is twenty-times more potent against Aurora B than
Aurora A (107). To determine if ZM447439 inhibits lower eukaryotic Aurora B
homologs at similar concentrations, bacterially-expressed recombinant AIR-2 and Ipl1
were purified and used for in vitro kinase assays with MYBP serving as a substrate. The
reactions were separated by SDS-PAGE, transferred to a nitrocellulose membrane,
Ponceau S stained to determine the amount of MYBP, and probed with the GST antibody
to detect AIR-2 and Ipl1 (Figure 12, A and B). Autoradiography revealed a pronounced
decrease in AIR-2 phosphorylation of MYBP in the presence of 500nM ZM447439
(Figure 12A). In stark contrast, MYBP phosphorylation by Ipl1 was not
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Figure 12. ZM447439, an Aurora B inhibitor, does not inhibit Ipl1 catalytic activity
A) Bacterially expressed GST::AIR-2 was incubated with MYBP as substrate and either
DMSO vehicle control (0) or increasing concentrations of ZM447439. AIR-2 activity
was determined by MYBP phosphorylation (P-MYBP). The amount of AIR-2 was
determined by western analysis with GST antibody while Ponceau S staining revealed
MYBP levels. B) Parallel reactions were performed as in (A) with E. coli expressed
GST::Ipl1 substituting for AIR-2.
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greatly affected by ZM447439 (Figure 12B). These data imply that Aurora B kinase
domains have diverged during evolution to be differentially susceptible to Aurora Bspecific drugs that inhibit kinase domain function. However, Aurora B homology among
species is most conserved in kinase domain residues (Figure 6). These points suggest
that the tertiary structure of the Ipl1 kinase domain has subtle differences compared to its
higher eukaryotic counterparts.
The expression of ICP-1 also suppresses Ipl1 mutants
Genetic screens performed with S. cerevisiae have identified conserved proteins
that function in critical cellular pathways including the SAC (89). In principle, a genetic
screen for suppression of ipl1ts growth defects by the heterologous expression of higher
eukaryotic Aurora B activators may identify novel Aurora B agonists. To determine if
another bona fide Aurora B activator suppresses ipl1ts growth defects, ICP-1-mediated
suppression of the ipl1-2 phenotype was an analyzed. Indeed, ICP-1 expressed from a
high-expression vector rescued ipl1-2 growth defects at the restrictive temperature
(Figure 13). Surprising, AIR-2 expression from the same plasmid could not efficiently
substitute for Ipl1 function (Figure 13). This result implies that Aurora B activators but
not Aurora B itself can be substituted across species to functional complement Ipl1
function. In light of the drug inhibition studies, the inability of AIR-2 to substitute for
Ipl1 corroborates the idea that Aurora B kinase domains have diverged through evolution.
Altogether, these data provide proof-of-principle that ipl1ts suppression by higher
eukaryotic Aurora B activators will help identify additional regulators of Aurora B.
Discussion
C. elegans TLK-1 suppresses the lethality of multiple Ipl1ts mutants
The data presented here provide clear evidence that TLK-1 kinase activity is not a
functional requirement for Aurora B activation. TLK-1 suppressed the growth defects of
two ipl1ts alleles (124). Two different biochemical approaches confirmed the TLK1/Ipl1 interaction and cell synchronization studies determined that the interaction is
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Figure 13. AIR-2 and ICP-1 suppress the growth defect of an ipl1 mutant
Wild type and ipl1-2 yeast transformed with either an empty vector, or galactoseinducible plasmids expressing CeICP-1 and CeAIR-2 were plated on galactose medium
and incubated at the restrictive temperature (30°C) for five days.
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prevalent during mitosis. Also, TLK-1 activates the kinase activity of Ipl1 complexes
purified from yeast extract. Altogether, these data complement our previous studies
highlighting a crucial role for TLK-1 in Aurora B activation (123).
Ipl1-1 and ipl1-2 cells have defective chromosome segregation at non-permissive
temperatures (106). Ipl1 function is critical for bipolar spindle attachment of
kinetochores to microtubules (204). Therefore, TLK-1-promoted ipl1ts suppression
likely corresponds to activation of Ipl1-dependent correction mechanisms at
kinetochores. However, ipl1-315 cells that carry a temperature-sensitive allele of IPL1
are defective in spindle assembly and not kinetochore correction mechanisms (208).
Since Ipl1 participates in spindle assembly independent of its role at kinetochores, an
alternative conclusion is that TLK-1 increases this function of Ipl1 to promote ipl1ts cell
growth. To void this argument, chromosome-sectoring assays in TLK-1-expressing
ipl1ts cells would confirm increased rates of equivocal chromosome segregation.
Another method to study chromosome movement in vivo is to express fluorophoreconjugated Lac repressor protein in ipl1ts strains harboring chromosomal Lac operator
arrays. Lastly, determining the localization of V5-TLK-1 in ipl1ts cells by
immunofluorescence would provide evidence of either a kinetochore or spindle polebased function of TLK-1.
The discrepancy between the genetic versus biochemical evidence that TLK-1 S634
phosphorylation plays on TLK-1-mediated Ipl1 suppression
Our genetic analyses revealed that TLK-1 S634 phosphorylation likely plays a
critical role in Ipl1 activation since TLK-1 S634A could not suppress ipl1ts growth
defects. However, Ipl1 isolated in the presence of TLK-1 S634A displayed higher kinase
activity compared to Ipl1 without TLK-1 in vitro. Although the latter results seem to
contradict the activating function of TLK-1 S634 phosphorylation to Ipl1, several
explanations for this discrepancy are possible. Firstly, the genetic suppression assays
may be more sensitive to Ipl1 function than the kinase assays. Secondly, myelin basic
protein is a ubiquitously-used substrate for kinase assays and may not be a perfect
indicator of Ipl1 activity. Ipl1 has many substrates in vivo, and TLK-1 may be activating
Ipl1 function toward a subset of these proteins. Thirdly, TLK-1 S634 phosphorylation
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may promote in vivo substrate/Ipl1 interactions and this function of TLK-1 would not be
revealed by in vitro kinase assays. Fourthly, TLK-1 phosphorylation may influence Ipl1
subcellular localization in addition to Ipl1 kinase activity, with both contributing to ipl1ts
suppression. Regardless of the exact mechanism, the data presented here show that TLK1 S634 phosphorylation but not kinase activity is critical for Ipl1 activity in vivo.
Elucidating mechanisms of Aurora activation will greatly inform the design of
therapeutic interventions to reduce Aurora activity in cancer cells. The analysis of gene
expression profiles in a variety of human tumors suggests an expression signature linked
to chromosomal instability. Interestingly, this expression profile revealed increased
levels of Aurora family members (94). Since TLK-1 kinase activity is dispensable for
Aurora B activation, pharmacological intervention of S634 phosphorylation but not TLK1 kinase activity may be a targeted approach for decreasing Aurora B activity in tumors.
The biostructural mechanism of Aurora activation by protein interactors is beginning to
be unveiled. TPX2-mediated Aurora A activation is elicited by a dramatic
conformational change of the Aurora A kinase domain by TPX2 binding (209, 210).
Aurora A auto-phosphorylation of critical kinase domain residues exposed by the TPX2
interaction greatly facilitates Aurora A activation (211). In addition, TPX2 prolongs
Aurora A activity by shielding the auto-phosphorylated residues from PP1-dependent
dephosphorylation (212). Structural studies have revealed that the binding of INCENP to
Aurora B causes a subtle alteration and partial activation of the kinase domain of Aurora
B (119). Aurora B-mediated phosphorylation of INCENP changes intramolecular amino
acid interaction in Aurora B to achieve full kinase activation (115, 213). Future studies
will determine the exact structural mechanism of TLK-1-mediated AIR-2 activation.
Recently it was reported that Aurora B in trypanosomes interacts with and becomes
activated by a Tousled homolog in that organism (214). These data indicate that Aurora
B activation by Tousled kinases is a conserved functional interaction. Future research
will discover if this particular function of Tousled kinases is conserved in mammals.
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CHAPTER THREE: A TETHERED-CATALYSIS YEAST
TWO-HYBRID SCREEN IDENTIFIES CANDIDATE
PHOSPHO-TLK-1 INTERACTORS
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Introduction
The TLK-1 domain surrounding S634 may be functionally influenced by additional
phosphorylations
The data presented in Chapter Two revealed that TLK-1 phosphorylation at S634
(P-S634) was critical to activate ipl1ts function. Interestingly, the TLK-1 domain in
which S634 lies is structurally related to a region of PKA (protein kinase A) that is
highly post-translationally modified (Maria Schumacher, personal communication) (215).
We therefore hypothesized that phosphorylation of TLK-1 at S634 and nearby residues
may influence protein interactions with TLK-1.
Post-translational modifications impact a myriad of protein functions including
protein-protein interactions. For example, the polo box domain of Plk1 binds target
proteins after they are “primed” by Cdk1 or Plk1 phosphorylation (216). 14-3-3 $
proteins are another class of molecules that interact specifically with phosphorylated
proteins (217). The phosphorylated residues of 14-3-3 $ and Plk1 interactors directly
mediate the interaction. However, not every protein that interacts with a phosphorylated
target does so by binding directly to phospho-residues. For example, cyclin B1 interacts
with separase downstream of a Cdk1-primed phosphorylation site (218). This interaction
is dependent on the phosphorylation, but does not bind directly at the phospho-site. Each
of the phosphorylation-promoted interactions described above influence critical cell cycle
events confirming that phosphorylation is a key regulator of functional protein-protein
interactions.
A tethered-catalysis yeast two-hybrid screen to identify phospho-specific binding
partners
The yeast two-hybrid (Y-2-H) screen has been instrumental in the identification
of novel protein-protein interactions that influence particular biological processes (219).
In a conventional Y-2-H screen, the “bait” is a protein of interest fused to the Gal4 DNA
binding domain (DBD). “Prey” constructs consist of proteins fused to the Gal4
transactivation domain (ACT). Protein interaction between the bait and prey brings the
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two essential Gal4 modules together to facilitate Gal4-dependent transcription of reporter
genes (219).
Y-2-H screening for phosphorylation-specific interactions presents an obstacle
since phosphorylation events are notoriously labile (116). One method to obtain
phosphorylated bait is to co-express a kinase in trans from a separate vector. Although
this method is feasible, phosphorylation of the bait would be dependent on several
factors: 1) Since the Gal4 DBD contains a nuclear localization sequence, the
phosphorylation event must occur or persist in the nucleus; 2) The kinase vector would
require an additional auxotrophic selection marker, stressing the cells; 3) potential cell
lethality caused by kinase overexpression.
Recently, a tethered-catalysis Y-2-H screen was devised to allow for constitutive
in cis bait phosphorylation (220). The bait protein in a tethered-catalysis screen is a
chimera of an enzyme tethered to its substrate. The strength of this method for
identifying phospho-specific interactions is that substrate phosphorylation is constitutive.
The developers of this modified screen successfully identified proteins that interact with
acetylated residues of histone H3 in a Gcn5::H3 peptide chimera (220). Also, a separate
screen identified proteins that bind phosphorylated residues within the CTD of RNA
polymerase II (RNA pol II) (220).
The master bait: A chimera of AIR-2 and a TLK-1 peptide
We hypothesized that AIR-2 phosphorylation of TLK-1 at S634 promoted TLK-1
interactions. Since the majority of AIR-2 residues (82.6%) constitute the functional
kinase domain (Figure 6), full-length AIR-2 was used as the enzymatic core of the bait
chimera. The ideal length of the TLK-1 peptide used in the chimera was difficult to
determine since the function of residues neighboring S634 were unknown. Considering
that phospho-TLK-1 interactors may bind upstream or downstream of P-S634, a sixtyone amino acid TLK-1 peptide surrounding S634 was used as the substrate. Thus, the
bait protein was full-length AIR-2 tethered to a sixty-one amino acid sequence of TLK-1
surrounding S634 (notated Wt-S) (Figure 14A). The chimera also contained a Gal4
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Figure 14. Outline of the tethered-catalysis yeast two-hybrid (Y-2-H) screen
A) Diagram of the bait chimeras used in the initial screening of a C. elegans cDNA prey
library. B) Outline of the screening procedure (see Materials and Methods for a more
detailed description).
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DBD and an HA-tag for biochemical identification (Figure 14A).
The screening procedure
The Wt-S chimera was used to screen a C. elegans cDNA prey library for
potential phospho-TLK-1 interactors. “Hits” were then rescreened with empty bait vector
to rule out non-specific interactions. The yeast strain used for the screening had a GAL1
promoter upstream of a HIS3 gene so that growth on medium lacking histidine was used
as a sensitive reporter. Additional screening consisted of isolating the prey plasmid and
retransforming Wt-S-expressing yeast to confirm the potential phospho-TLK-1/prey
interaction. A final round of screening utilized chimeras that would distinguish whether
the identified interactions require AIR-2 kinase activity and TLK-1 P-S634. These
constructs included kinase-dead AIR-2 tethered to a wild-type TLK-1 peptide (Kd-S) and
full-length AIR-2 fused to a TLK-1 peptide harboring the S634A mutation (Wt-S634A)
(Figure 14A). Prey plasmids were isolated by auxotrophic selection and sequenced to
determine the identity of the candidate phospho-TLK-1 binding proteins. A brief outline
of the screening procedure is given in Figure 14B.
Results
The AIR-2::TLK-1 chimera is phosphorylated at S634 in yeast
We posited that TLK-1 S634 phosphorylation would be enriched by tethering
AIR-2 to TLK-1. To determine if S634 is phosphorylated in the bait chimera in yeast,
protein extracts were obtained from yeast expressing an empty vector control or the WtS, Wt-A, and Kd-S chimeras in the presence of phosphatase inhibitors. A TLK-1 P-S634
antibody (described in detail below and (123)) was used to immunoprecipitate chimeric
proteins from equal concentrations of protein extract. The immunopurifications were
assessed by western analysis with an HA antibody to confirm the presence of the
chimeras (Figure 15). As expected, the P-S634 antibody immunoprecipitated the Wt-S
chimera suggesting that S634 is phosphorylated in vivo (Figure 15). The Wt-A chimera
was not recognized by the P-S634 antibody confirming
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Figure 15. The AIR-2::TLK-1 chimera is phosphorylated at TLK-1 S634
Yeast expressing the indicated chimeras were grown to log phase, and an antibody that
recognizes TLK-1 phosphorylated at S634 (P-S634) was used to immunoprecipitate the
chimeras from whole cell extracts (WCE). An immunoblot was probed with an HA
antibody to detect the presence of the chimeras in the P-S634 immunoprecipitates (top
panel) or WCE (bottom panel). Lane (-): empty vector control.
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the specificity of the antibody for the P-S634 epitope. Lastly, the P-S634 antibody did
not show immunoreactivity toward Kd-S indicating that AIR-2 kinase activity is required
for TLK-1 S634 phosphorylation (Figure 15).
Candidate phospho-TLK-1 interactions require active AIR-2, but not S634
Amazingly, of the thirty-four candidate phospho-TLK-1 interactors identified
from this screen (Table 1), each required AIR-2 kinase activity but not P-S634 to interact
with the bait (for an example see Figure 16A; the TLK-1/CYB-3 binding results are
described in this chapter). These unexpected results did not support the hypothesis that
AIR-2-mediated TLK-1 phosphorylation at S634 promotes TLK-1 interactions.
However, the requirement of AIR-2 activity in the bait chimera suggested that
phosphorylation of other TLK-1 residues promoted the bait-prey interactions. Also, none
of the candidate TLK-1 binding proteins interacted with untethered AIR-2 or TLK-1
peptide indicating that the tethering of AIR-2 to TLK-1 is required for the prey
interactions (Figure 16A). Intriguingly, the molecular identity of several of these binding
proteins indicated that the screen may have uncovered TLK-1 interactors that are related
to chromatin biology and mitotic processes.
The candidate TLK-1 interactors can be classified into different groups based on
function (Table 1). F54D5.5, NTL-2, and Y18D10A.1 appear to influence chromatinrelated processes (WormBase web site, http://www.wormbase.org, release WS204, date
29 Jul 2009). F54D5.5 encodes a protein with ~32% homology with the yeast set2
methyltransferase that influences transcription but does not have a SET domain. Set2
methylates Lys36 of histone H3 and co-purifies with RNA pol II phosphorylated at serine
2 within the CTD repeats (221). Interestingly, tlk-1(RNAi) results in decreased RNA pol
II P-S2 and transcription defects in embryos (133). Thus, the protein product of the
F54D5.5 gene may facilitate TLK-1 function with respect to transcription. NTL-2 (NOTlike) shares homology with the yeast CCR4/NOT complex, which is a basal transcription
factor (222). The CCR4/NOT complex is a global regulator of RNA pol II transcription
and associates with the chromatin assembly factor CAF1 (222). Since Tousled influences
transcription and chromatin assembly, NTL-2 may bridge these TLK-1 functions. The
protein encoded by Y18D10A.1 is predicted to contain a region
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with homology to HMG-1 and HMG-Y (high mobility group) proteins that regulate
transcription and chromosome organization (WormBase web site,
http://www.wormbase.org, release WS204, date 29 Jul 2009).
A second group of TLK-1 interactors uncovered in our screen (CYB-3, TAC-1,
TAG-304, F52H3.4, and T09B9.4) likely participate in chromosome segregation,
particularly by regulating microtubule-related processes. CYB-3 encodes a B3-type
cyclin that is required for proper chromosome segregation and SAC silencing (see
Chapter 4). TAC-1 (transforming acid coiled coil (TACC) protein family) activity is
essential for microtubule processes including pronuclear migration and mitotic spindle
elongation (223). TAC-1 is a crucial centrosomal component that functions with ZYG-9
during spindle assembly to stabilize astral microtubules (224). TAG-304 contains a LisH
motif implicated in microtubule dynamics and dynein regulation (225). tag-304(RNAi)
results in defective adult locomotion and TAG-304 is expressed predominantly during
larval and adults stages of development (WormBase web site, http://www.wormbase.org,
release WS204, date 29 Jul 2009). Thus, TAG-304 is unlikely to influence TLK-1
functions during embryogenesis. The F52H3.4 gene encodes an uncharacterized protein
that may play a role in meiotic chromosome segregation as suggested from genome-wide
RNAi screens (66). T09B9.4 is orthologous to human CCDC6 (also known as H4), a
putative cytoskeletal protein which when mutated leads to disease (226, 227). The other
candidates function in RNA metabolism, energy biosynthetic pathways, and other
miscellaneous pathways (Table 1). I chose to pursue the characterization of the
interaction between TLK-1 and CYB-3 because the functions of B-type cyclins during C.
elegans embryogenesis remain largely unexplored. Moreover, results from genome-wide
RNAi screens suggested that CYB-3 is involved in sister chromatid separation (66).

Key TLK-1 residues mediate the interaction of TLK-1 with CYB-3
The tethered-catalysis Y-2-H screen was designed to identify phospho-specific
interactions (220). However, several caveats are at play when using chimeric proteins.
First, a chimera is essentially an “unnatural” protein (protein Z) that is formed from two
genuine proteins (protein X and protein Y). Thus, any protein identified in the screen
may be interacting nonspecifically with multiple protein Z residues that normally do not
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exist in the same molecule. Also, the interactions may occur at the synthetic junction
between protein X and protein Y. To gain better insight on the requirement of chimera
regions for CYB-3 binding, yeast co-expressing CYB-3 and an empty vector control, WtS, Wt-S634A, or Kd-S were serially diluted on non-selection and (-) his-selection plates
(Figure 16A). Yeast cell growth was equivalent on non-selection medium regardless of
bait construct expression. However, growth on –his medium did not occur in cells
expressing vector control or Kd-S, indicating that the kinase activity of AIR-2 is required
for CYB-3 binding (Figure 16A). Cells expressing Wt-S and Wt-S634A grew on –his
plates, suggesting that the interaction of CYB-3 with these chimeras activated HIS
reporter expression (Figure 16A). These data suggest that AIR-2 kinase activity but not
TLK-1 S634 phosphorylation contributes to the CYB-3 interaction.
Our previous studies revealed that S634 is a major TLK-1 residue targeted by
AIR-2 phosphorylation (123). The requirement for AIR-2 kinase activity within the
chimera for interaction with CYB-3 suggested that AIR-2 may phosphorylate additional
sites within the TLK-1 peptide. To discern if any of the six S/T residues in the TLK-1
peptide participate in CYB-3 binding, chimeras containing singular alanine substitutions
were expressed with CYB-3 and assessed for growth on –his medium (Figure 16B).
Interestingly, five of the six TLK-1 residues were dispensable for CYB-3 binding.
However, yeast cell growth on selective medium was deficient in cells co-expressing the
T610A chimera and CYB-3 (Figure 16B). However, cell growth on non-selective
medium was identical for all bait plasmids (Figure 16B). These data implicate T610 as a
critical TLK-1 residue that participates in CYB-3 binding.
The failure of CYB-3 to bind the T610A mutant chimera suggested that T610
phosphorylation contributes to this interaction. To determine if the negative charge
created by phosphorylation at T610 is critical for the CYB-3 interaction, a T610E
chimera was generated. Indeed, the Wt-T610E chimera interacted with CYB-3 similar to
Wt-S indicating that a negative charge at T610 is important for the chimera/CYB-3
association (Figure 16C). These data suggest that TLK-1 phosphorylation at T610 is
important for CYB-3 binding.
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Figure 16. Y-2-H-mediated identification of key TLK-1 residues that are required
for the TLK-1/CYB-3 interaction
A) Yeast co-transformed with the indicated bait plasmids and CYB-3 were serially
diluted 5-fold and spotted onto non-selective (left panel) and selective (right panel)
medium. Wt AIR-2: untethered wild-type AIR-2; Kd AIR-2: untethered AIR-2(K59M);
TLK-1(S634): untethered wild-type TLK-1 peptide; TLK-1(S634A): untethered TLK1(S634A) peptide. B-D) Yeast transformed with plasmids expressing the indicated
phospho-mutant and phospho-mimetic chimeras and CYB-3 were serially diluted 5-fold
and spotted onto nonselective (left panel) and selective (right panel) medium. E) Yeast
treated as in A-D were transformed with the denoted RXL mutant TLK-1 chimeras and
CYB-3. R628L; L630R: chimera with TLK-1 R628L and L630R mutations;
R645L; L647R: chimera with TLK-1 R645L and L647R mutations; R650L; L652R:
chimera with TLK-1 R650L and L652R mutations. F) Amino acid sequence of the TLK1 peptide highlighting the positions of S/T residues and the RXL motifs.
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We hypothesized that T610 phosphorylation may change the structure of TLK-1
to facilitate CYB-3 binding to residues elsewhere within the TLK-1 peptide. Excitingly,
visual inspection of the TLK-1 peptide revealed three RXL motifs within the 60 amino
acid sequence. RXL domains mediate interactions with cyclin box folds of cyclin
proteins (228). For example, Rb (retinoblastoma protein) harbors RXL motifs that
interact with cyclins A and E (229). To ascertain if the TLK-1 RXL motifs influence
CYB-3 binding, RXL residues within the chimera were mutated to LXR and their binding
to CYB-3 was assessed as above. Indeed, mutation of the first and third RXL motifs of
TLK-1 completely abolished CYB-3 binding (Figure 16E). The second RXL sequence
was dispensable for the TLK-1/CYB-3 interaction (Figure 16E). Interestingly, the first
and third RXL motifs are completely conserved in tousled orthologs (Figure 17)
indicating that tousled/cyclin interactions occur outside of nematodes.
Curiously, the first RXL motif in TLK-1 neighbors S634 (Figure 16F). Our
biochemical experiments revealed that TLK-1 S634 within the chimera is robustly
phosphorylated by AIR-2 in yeast (Figure 15). We hypothesized that phosphorylation at
T610 limits P-S634 to facilitate CYB-3 binding to the neighboring RXL motif since posttranslational modification (PTM) cross-talk can alter protein function (e.g. the histone
“code”) (230). Thus, the inability of the T610A chimera to bind CYB-3 may result from
the loss of the PTM cross-talk and unrestricted S634 phosphorylation masking the first
RXL domain of TLK-1. To determine if limiting P-S634 in the T610A chimera would
affect CYB-3 binding, growth on –his medium of yeast co-expressing CYB-3 and a
T610A;S634A double mutant chimera was assessed (Figure 16D). Indeed, CYB-3
interacted with the Wt-T610A;S634A chimera similar to Wt-S (Figure 16D) indicating
that P-T610 antagonizes P-S634 to promote CYB-3 binding in this system.
TLK-1 P-T610 interacts with CYB-3 in vitro
The tethered-catalysis Y-2-H data indicated that phosphorylation at T610 (PT610) plays a pivotal role in CYB-3 binding. To confirm the necessity of P-T610 for
CYB-3 binding, in vitro phospho-peptide binding assays were performed with
recombinant CYB-3 expressed and purified from bacteria. Due to financial
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Figure 17. An alignment of the TLK-1 region used in the chimera with the positions
of C. elegans T610 and RXL motifs denoted
Clustal W alignment of Tousled homologs with T610 (asterisk) and three RXL motifs
(bars) highlighted.
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considerations, the minimal TLK-1 peptide required to interact with CYB-3 was
determined by the Y-2-H method (data not shown). These assays suggested that the forty
N-terminal residues (harboring only one RXL motif) of the sixty amino acid TLK-1
peptide were sufficient for the CYB-3 interaction. Biotinylated TLK-1 peptides
containing no phosphate groups (NON-P), phosphorylated T610 (P-T610),
phosphorylated S634 (P-S634), and the dual modification (P-T610;P-S634) were
synthesized. These peptides were immobilized on a streptavidin-coated resin and used
for pull-down assays with CYB-3. Indeed, CYB-3 interacted with the P-T610 peptide
better than the non-phosphorylated or P-S634 peptides confirming the critical nature of PT610 (Figure 18). CYB-3 did not bind the P-T610;P-S634 peptide suggesting that
phosphorylation of S634 inhibits the CYB-3 interaction regardless of the phosphorylation
status of T610 (Figure 18). This result confirms the Y-2-H data that suggested that one
main function of P-T610 is to inhibit P-S634 since S634 in the P-T610;P-S634 peptide is
obligedly phosphorylated, preventing CYB-3 binding. In contrast, if P-T610 is required
only to inhibit P-634 to promote the CYB-3 interaction, the non-phospho TLK-1 peptide
should have interacted with CYB-3 (Figure 18). Since it did not, these data suggest that
P-T610 also appears to promote the CYB-3 interaction independent of P-S634.
TLK-1 phospho-isoforms localize to kinetochores
Our previous immunolocalization studies with a full-length TLK-1 antibody
revealed nuclear TLK-1 expression during S-phase and early mitosis (prophase) in C.
elegans embryos (133). In contrast, the TLK-1 P-S634 antibody displays a perichromosomal immunoreactivity during prophase, prometaphase, and metaphase (123).
The TLK-1 P-S634 phospho-epitope was severely reduced in air-2(RNAi) embryos
confirming that TLK-1 S634 is an in vivo AIR-2 phosphorylation event (123). To
determine if TLK-1 T610 is phosphorylated in vivo, a phospho-specific T610 polyclonal
antibody was produced and utilized for immunocytochemistry. Interestingly, the P-T610
antibody stained the nuclei of prophase embryos but was enriched near chromosomes
(Figure 19A). At prometaphase, P-T610 staining revealed two parallel lines on each
sister chromatid pair, a localization consistent with kinetochore proteins (Figure 19A).
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Figure 18. Phosphorylation of TLK-1 at T610 enhances CYB-3 binding in vitro
Biotinylated TLK-1 peptides were immobilized on streptavidin-coated beads, incubated
with recombinant CYB-3 protein, and bound material was run on SDS-PAGE followed
by western analysis. The presence of CYB-3 in the load (LD) and TLK-1 peptide bead
pellets (BEADS: streptavidin-coated beads with no conjugated TLK-1 peptide; NON-P:
an unphosphorylated TLK-1 peptide; P-T610: TLK-1 with phosphorylated T610; P-S634:
TLK-1 with phosphorylated S634; P-T610;P-S634: TLK-1 containing both P-T610 and
P-S634) was assayed by immunoblotting with the CYB-3 antibody.
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Clear kinetochore and kinetochore-microtubule staining of P-T610 was evident at
metaphase, followed by the loss of immunoreactivity during anaphase and telophase
(Figure19A). The depletion of TLK-1 by RNAi or genetic deletion consistently reduced
P-T610 staining confirming antibody specificity (data not shown). These data provide
critical support for mitotic TLK-1 T610 phosphorylation and suggest that P-T610 may
influence kinetochore function.
Protein-protein interactions can influence subcellular localization and biological
properties. To determine if CYB-3 mediates proper P-T610 localization, embryos were
depleted of CYB-3 via RNAi and fixed for immunostaining. The prophase and
prometaphase staining of P-T610 in CYB-3-depleted embryos was similar to control
(Figure 19A). Interestingly, metaphase P-T610 staining in embryos treated with cyb3(RNAi) did not reveal clear parallel lines flanking sister chromatid pairs and
kinetochore-microtubule staining was absent. Robust depletion of CYB-3 results in
molecular changes that inhibit entry into anaphase (see Chapter 4). However, P-T610
was not detected during a defective anaphase/telophase in embryos with partial CYB-3
depletion (Figure 19A). These results suggest that CYB-3 may influence the kinetochore
localization of P-T610 specifically at metaphase but is not required for P-T610
degradation/dephosphorylation. Additional staining and functional assays have generated
support for the alternative explanation that CYB-3 promotes the appropriate architecture
of the entire metaphase kinetochore (see Chapter 4).
The localization of TLK-1 P-S634 was initially characterized using limited
microscopic resolution without the benefit of deconvolution (123). In these experiments,
P-S634 localization was descriptively termed a “halo” around the metaphase
chromosomes (123). TLK-1 phosphorylated at S634 activates AIR-2 in vivo (123, 124)
so it is critical to determine the spatial distribution of P-S634. In light of P-T610
kinetochore staining, P-S634 localized to tensionless/non-amphitelic kinetochores may
function to activate AIR-2, severing incorrect attachments to promote biorientation. On
the other hand, P-S634 localized as a “halo” around kinetochores would be less likely to
interact with AIR-2 at the inner centromere and may not activate AIR-2. To determine
the localization of P-S634 with high resolution and deconvolution, embryos treated with
control and cyb-3(RNAi) were fixed and stained with the P-S634 antibody fractions

90

Figure 19. TLK-1 phospho-isoforms localize to kinetochores and kinetochoremicrotubules
A) Embryos excised from control and cyb-3(RNAi)-treated embryos were fixed and
stained with DAPI to visualize DNA, an !-tubulin antibody for mitotic spindle detection,
and an antibody raised against a TLK-1 P-T610 peptide. B) Embryos treated as in (A)
were subject to immunofluorescence with a TLK-1 P-S634 antibody. Scale bar = 10 µm.
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previously utilized for immunostaining (123). Indeed, P-S634 presented parallel stripes
of kinetochore staining from prophase to metaphase, and metaphase kinetochoremicrotubule staining was obvious (Figure 19B). The localization of P-S634 mimicked
that of P-T610 in embryos depleted of CYB-3 with a profound alteration of staining
specifically at metaphase (Figure 19B). Lastly, immunostaining with P-T610 and PS634 revealed centrosome staining (Figure 19, A and B). Our previous data showed that
air-2(RNAi) decreased peri-chromosomal P-S634 staining but centrosome staining
persisted (123). This suggests that P-S634 centrosomal localization is largely artifactual
(Figure 19B). The centrosomal staining of P-T610 is much less pronounced than P-S634
and becomes largely depleted in cyb-3(RNAi) embryos suggesting that CYB-3 may have
play a role in P-T610 localization to centrosomes (Figure 19A). Altogether, these results
suggest that phosho-TLK-1 isoforms are produced during mitosis and localize to
kinetochores, kinetochore-microtubules, and possibly centrosomes.
AIR-2 does not phosphorylate TLK-1 at T610 in vitro
To begin to characterize the biochemical nature of T610 phosphorylation, we
initially focused on AIR-2. AIR-2 kinase activity in the Y-2-H chimera was required for
the CYB-3 interaction as was P-T610 (Figure 16A), suggesting that AIR-2 may be the
T610 kinase. However, the TLK-1 [K-E-E-T610] amino acid sequence does not match
the Aurora B/Ipl1 [K/R-X-S/TP -I/L/V] phosphorylation consensus (111). Also, previous
mutagenesis studies did not reveal T610 as an AIR-2 phosphorylation site (123). To
determine if AIR-2 phosphorylates TLK-1 at T610, in vitro kinase assays were
performed with recombinant AIR-2 and full-length TLK-1 kinase-dead (KD) proteins.
Corroborating our previous results, TLK-1 (KD) was robustly phosphorylated by AIR-2
but was not phosphorylated when S634 was mutated to alanine (Figure 20, A and B). In
contrast, the T610A mutation did not affect AIR-2-mediated TLK-1 phosphorylation
(Figure 20, A and B). These data suggest that AIR-2 does not phosphorylate TLK-1 at
T610.
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Figure 20. AIR-2 does not phosphorylate TLK-1 at T610 in vitro
A) Bacterially-expressed recombinant AIR-2 was incubated with the indicated
recombinant kinase-dead TLK-1 proteins in kinase reaction buffer. The level of
phosphorylated TLK-1 (P-TLK-1) was assessed by autoradiography. The amount of
MBP::TLK-1 and GST::AIR-2 was assessed by Ponceau S staining. B) Quantitation of
AIR-2-dependent phosphorylation levels of the indicated TLK-1 substrates. Error bars
indicate standard deviations from the means of three independent experiments.
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Chk1 phosphorylates TLK-1 at T610
The identification of the kinase that phosphorylates TLK-1 at T610 is a necessary
next step to decipher the function of the TLK-1/CYB-3 interaction. However, the
identity of kinases that produce particular phospho-epitopes often remains unknown for
decades (e.g. the 3F3/2 epitope) (231). In vitro kinase assays revealed that P-T610 is not
a TLK-1 autophosphorylation event (data not shown). Intriguingly, the TLK-1 [K-E-ET610] sequence matches the Chk1 phosphorylation sequence (199). Chk1 is a conserved
kinase that mediates DNA damage checkpoint signaling during S-phase (199).
Interestingly, critical mitotic functions for Chk1 were recently unveiled. Chk1
phosphorylates Aurora B, potentiating Aurora B activity to maintain SAC activation
under conditions of altered microtubule dynamics (232). Another Chk1 function is to
phosphorylate and inhibit Plk1 activity at metaphase in order to promote the metaphaseanaphase transition (233). These results suggest that Chk1 plays critical roles during
mitosis by phosphorylating mitotic kinases. This discovery, combined with the published
phosphorylation of human Tousled by Chk1 during the S-phase DNA damage response
(131), promoted the exploration of Chk1 as the T610 kinase.
To determine if Chk1 phosphorylates TLK-1, a TLK-1 peptide that contained
T610 was tagged with MBP (maltose binding protein), expressed in E. coli, and used for
in vitro kinase assays with human Chk1 (purchased from Active Motive, Carlsbad CA).
Unfortunately, several attempts to isolate active bacterially-expressed C. elegans CHK-1
failed so the highly homologous hChk1 was substituted. The TLK-1 peptide was
strongly phosphorylated by hChk1 and the robustness of this phosphorylation depended
on T610 (Figure 21). However, when full-length kinase-dead TLK-1 was used as a
substrate for these assays, the T610A mutation had no discernible affect on hChk1mediated TLK-1 phosphorylation (data not shown). These results suggest additional
residues in full-length TLK-1 are targeted by Chk1 phosphorylation and are consistent
with previous data showing that human Tlk1 S695 is a major Chk1 phosphorylation site
(131). Lastly, qualitative data from immunostaining experiments revealed that P-T610
levels are decreased in embryos derived from a chk-1 deletion mutant (Figure 22).
When taken together, the evidence presented here combined with the newly appreciated
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Figure 21. Active human Chk1 phosphorylates TLK-1 at T610 in vitro
Human Chk1 was incubated with the indicated E. coli-produced recombinant MBPtagged TLK-1 peptides in kinase reaction buffer. Autoradiography revealed the autophosphorylation of Chk1 (to estimate the amount of Chk1 in the reactions) and
phosphorylation of TLK-1 (P-TLK-1). An anti-MBP antibody was used to detect the
amount of MBP in all reactions including control (MBP). Two reactions containing
TLK-1(T610A) purified from two independent E. coli cultures are shown.
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Figure 22. Phosphorylation of TLK-1 at T610 is reduced in chk-1 embryos
N2 and chk-1 mutant hermaphrodites were fixed and stained with DAPI (DNA),

!-tubulin, and the TLK-1 P-T610 antibody. Shown are representative images of the
indicated embryonic stages. Scale bar = 10 µm.

99

100

mitotic functions for hChk1 indicate that CHK-1-mediated TLK-1 phosphorylation
promotes CYB-3 binding during mitosis.
Active CHK-1 localizes to the mitotic spindle
C. elegans DNA damage checkpoint proteins influence meiotic and mitotic
processes. In the germline, checkpoint proteins are required for a UV-induced DNA
damage checkpoint (234, 235). However, this checkpoint is silenced in embryos and
CHK-1 contributes to the asynchrony of the second cell division by delaying mitotic
entry in the P1 blastomere (236) (234). These functions of CHK-1 are consistent with
the dual role this effector kinase plays during the cellular response to DNA damage and
cell cycle progression in the absence of DNA lesions in higher eukaryotes. Atm1 is a
conserved upstream kinase that phosphorylates Chk1 at S345 to activate Chk1 kinase
activity (131). S345 is conserved in C. elegans CHK-1 (S344) indicating that an
antibody recognizing P-S345 Chk1 would be a good indicator of active CHK-1
localization in vivo.
To determine the localization of P-CHK-1 in C. elegans embryos, control and
cyb-3(RNAi)-treated embryos were fixed and prepared for immunofluorescence with PCHK-1 and !-tubulin antibodies (Figure 23, A and B). Rewardingly, P-CHK-1
localized to centrosomes and spindle microtubules throughout mitosis. Punctate nuclear
P-CHK-1 staining was also apparent during telophase and interphase (Figure 23A and
data not shown). Depletion of CYB-3 had no affect on P-CHK-1 localization (Figure
23B). These results indicate that active CHK-1 localizes to the mitotic spindle and may
couple spindle microtubule dynamics to TLK-1 T610 phosphorylation and CYB-3
association.
Discussion
Unexpected trans-acting protein requirements for bait-prey interactions in the
tethered-catalysis yeast two-hybrid system
Modification of the traditional Y-2-H screen with tethered-catalysis bait proteins
was designed to identify proteins requiring in cis PTM of the bait (220). Therefore, we
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Figure 23. Active CHK-1 localizes to the mitotic spindle
A) Control and (B) cyb-3(RNAi)-treated N2 hermaphrodites were fixed and stained with
the indicated antibodies. P-CHK-1 is an antibody that recognizes conserved
phosphorylated residues of active human Chk1 (Bartek 2003). Scale bars = 10 µm.
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hypothesized that performing a Y-2-H screen with an AIR-2::TLK-1 peptide bait would
uncover TLK-1 interacting proteins dependent on S634 phosphorylation. Importantly,
our previous data indicated that P-S634 would be the only AIR-2-dependent
phosphorylation of the TLK-1 peptide (123). Therefore, we were surprised to discover
that none of the thirty-four potential phospho-TLK-1 interactors required P-S634.
Interestingly, eight of these prey proteins (including CYB-3) required P-T610 for
binding and others required phosphorylation of additional TLK-1 peptide S/T residues
(data not shown). Although the screen was not saturated, the lack of P-S634 interactors
suggests that the main function of P-S634 may be to positively reinforce AIR-2 activity.
It is possible that proteins interacting with P-S634 or nearby residues may sterically
hinder AIR-2 activation by P-S634. Thus, a second function of P-S634 may be to inhibit
instead of promote protein interactions with TLK-1. Hence, the screen can be modified
to identify proteins that bind to the S634A (or AIR-2KD) mutant chimera but not the
wild-type construct.
Each phospho-TLK-1 interactor identified from the screen required AIR-2 kinase
activity within the chimera but not S634. If other TLK-1 peptide residues are unlikely to
be targeted by AIR-2 phosphorylation, why is AIR-2 activity required for the
interactions? One possibility is that AIR-2 kinase activity may be required to “present”
the TLK-1 peptide for phosphorylation by an endogenous yeast kinase (Figure 24A).
The TLK-1 peptide within the AIR-2 K59M kinase-dead chimera may lie internal within
the tertiary structure of the chimera and be shielded from phosphorylation. This model
is similar to the regulation of Plk1 structure by auto-phosphorylation. C-terminal
residues of Plk1 that form the polo-box domain fold back on the kinase domain to inhibit
Plk1 activation (216). Plk1 autophosphorylation results in a conformational change to
its C-terminus to promote polo-box-mediated protein-protein interactions. Hence, AIR-2
autophosphorylation may cause a conformational change in the C-terminus of the
chimera to promote phospho-TLK-1 interactions.
Another potential influence AIR-2 activity may play on phospho-TLK-1
interactions is to activate yeast kinases that phosphorylate the TLK-1 peptide (Figure
24B). In addition, AIR-2 may stably bind to a yeast kinase to potentiate TLK-1
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Figure 24. Models for the dependency of AIR kinase activity for bait-prey Y-2-H
interactions
A) AIR-2 kinase activity is required to “present” the TLK-1 peptide for the phosphotransfer reaction. (a) AIR-2-dependent phosphorylation of itself or TLK-1 residues other
than T610 or S634 promote the TLK-1 architecture required for kinase X to
phosphorylate T610. (b) The K59M AIR-2-kinase dead mutant chimera causes a
conformational change to the TLK-1 peptide, masking T610 and inhibiting
phosphorylation at that residue. B) The kinase activity of AIR-2 is more directly
required for T610 phosphorylation by an endogenous yeast kinase. (a) AIR-2-mediated
phosphorylation of kinase X activates its catalytic activity or the binding affinity of
kinase X to the chimera. (b) Protein Y serves as a third-party participant in T610
phosphorylation by activating yeast kinase X activity or the binding affinity of kinase X
to the chimera in an AIR-2-dependent manner.
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phosphorylation. The data presented here suggest that CHK-1 is a T610 kinase that
promotes CYB-3 binding to TLK-1. Interestingly, human Chk1 binds, phosphorylates,
and activates Aurora B (232). Thus, AIR-2 within the chimera may facilitate T610
phosphorylation by promoting complex formation with yeast Chk1. Alternatively, AIR2 may also augment Chk1 kinase activity.
Phosphorylation as a key regulator of TLK-1-protein interactions
Our Y-2-H discovery of potential phospho-TLK-1 interactors suggests that
multiple residues of TLK-1 are phosphorylated to mediate protein-protein interactions.
Eight of the thirty-four proteins identified from the screen failed to interact with the
T610A chimera (data not shown). Other phospho-TLK-1 interactors failed to bind
chimeras that had different singular serine-to-alanine mutations. Interestingly, the
region of TLK-1 containing T610 and S634 is structurally similar to a flexible region of
PKA that is subject to phosphorylation (Maria Schumacher, personal communication).
This region of PKA is also modified by myristolation and deamidation (215), suggesting
that TLK-1 function may similarly be modified by a variety of PTMs. Moreover, crosstalk between PTMs in flexible domains such as the N-termini of histones is an emerging
paradigm of protein regulation (230). The potential cross-talk between P-T610 and PS634 is exciting and suggests that CHK-1 may downregulate AIR-2 by two methods: (1)
promoting the CYB-3-dependent kinetochore architecture that decreases the probability
of TLK-1-dependent AIR-2 activation; (2) inhibiting phosphorylation at S634 via
negative cross-talk by P-T610.
The founding member of the Tousled family was identified in Arabidopsis
seventeen years ago (125). The only bona fide substrate of Tousled kinases is the
chromatin assembly factor Asf1, and Asf1-phosphorylation by Tousled is conserved
(127, 128, 237). However, phosphorylation of Asf1 by Tlk1 does not affect histone
binding or deposition onto a chromatin template in vitro (128). It is intriguing to
speculate that the majority of Tousled-influenced processes during mitosis are
independent of Tousled kinase activity. From this perspective, a main function of
Tousled may be to serve as a platform for kinase signaling integration. The results
presented here suggest that TLK-1 serves as a nexus for AIR-2, CHK-1, and CYB-
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3/CDK-1 signaling. Additionally, several observations indicate that TLK-1 kinase
activity may play a minimal role in the regulation of these kinases. TLK-1 kinase
activity is not required to activate AIR-2 (Chapter 2) and is likely dispensable for CHK1-promoted CYB-3 binding since a small fragment of TLK-1 was sufficient to bind
CYB-3. Presumably, the phospho-TLK-1/CYB-3 interaction also includes CDK-1 in
vivo, since B-type cyclins specifically and functionally interact with CDK-1. Lastly,
CHK-1-mediated phosphorylation of TLK-1 at T610 is likely concomitant with
phosphorylation at additional residues that may regulate Tousled kinase activity as in
higher eukaryotes.
Tousled and cyclin protein function likely overlap throughout the cell cycle
Tousled kinases appear to impact chromatin biology during two vital S-phase
processes: chromatin assembly and transcriptional activation (127, 133). The evidence
of a mitotic interaction between TLK-1 and CYB-3 suggests that Tousled may also
influence chromatin-related cyclin/cdk S-phase functions. Although the majority of
cyclin/cdk complexes influence cell cycle division, cyclinH/cdk7 also participates in
transcriptional activation as part of the TFIIH basal transcription factor complex (238).
We have shown that conserved TLK-1 RXL motifs mediated its interaction with CYB-3
most likely by binding cyclin-box fold domains in CYB-3. Therefore, Tousled may
globally affect transcription by influencing cyclin H/cdk7 function within the basal
transcriptional complex. Our previous results uncovered a role for TLK-1 in
transcription during C. elegans embryogenesis (133). CeCDK-7 phosphorylates serine 2
and serine 5 of RNA pol II CTD, and late-stage tlk-1(RNAi) embryos showed
significantly reduced P-S2 RNA pol II staining (133). It will be interesting to determine
if TLK-1 modifies CDK-7 activity vis-à-vis cyclin H binding.
Potential mitotic roles for CHK-1
Recently, the embryonic localization of active C. elegans CHK-1 was assessed
by immunostaining with the human P-S345 Chk1 antibody and was found to localize to
P-granules (234). P-granules are germline-specific RNPs that function in relatively
unknown ways to influence RNA metabolism to promote the maintenance of the
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germline (239). The localization of active P-CHK-1 to P-granules does not correspond
well with known Chk1 functions. P-granules are RNA-containing structures, the
function of a DNA damage checkpoint kinase at this organelle seems implausible
especially when no CHK-1 substrate has been identified at P-granules. Since P-granules
are highly antigenic and react to multiple rabbit preimmune and immune sera, we
suspect that this P-granule staining may be an artifact.
The newly discovered roles for Chk1 during mitosis suggest that DNA damage
checkpoint proteins influence the metaphase-anaphase transition. Why would enzymes
that become activated by DNA lesions function during mitosis? A pivotal paper
published in Nature in 2003 revealed that the rapidity of the cellular response to DNA
damage does not present enough time for DNA damage proteins to interact directly with
DNA lesions (132). Instead, their results indicate that DNA damage changes the
configuration of chromatin leading to ATM kinase activation and checkpoint signaling
(132). Thus, it is feasible that chromatin configuration is monitored by a DNA damagelike checkpoint during mitosis. The chromatin configuration (especially at the
centromere) or microtubule architecture that results from incorrect kinetochoremicrotubule attachments may activate ATM to elicit a kinase cascade that includes Chk1
(Figure 25, Prometaphase). As in response to DNA damage, these structural changes
may lead to TLK-1 phosphorylation by CHK-1 to inhibit TLK-1 kinase activity. Since
the kinase activity of TLK-1 is not required for TLK-1-mediated AIR-2 activation, AIR2 activation by TLK-1 would remain. In addition, CHK-1 may activate AIR-2 as it does
in higher eukaryotes. These two converging modes of AIR-2 activation may serve to
weaken improper kinetochore-microtubule attachments and increase SAC activity to
allow time for sister chromatid biorientation.
Once all chromosomes biorientate on the metaphase spindle, CHK-1 activity may
be directed predominantly at TLK-1 P-T610 phosphorylation (Chapter 25, Metaphase).
Since biorientation results in dramatic conformational stretching of sister centromeres
(240), ATM-dependent signaling may be modified to allow CHK-1 activity toward T610
of TLK-1. P-T610 stimulates the TLK-1/CYB-3 interaction that may influence dynein
activity (see Chapter 4). Dynein-dependent removal of P-T610/CYB-3 from
kinetochores could participate in stabilizing bipolar kinetochore-microtubule
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Figure 25. Speculative model of the influence CHK-1 has on mitotic TLK-1
functions
The model presented here speculates that CHK-1 (and likely other S-phase DNAdamage checkpoint kinases) plays a fundamental mechanosensory role at the
microtubule-kinetochore interface. Similar to the activation of checkpoint kinases by
DNA damage-induced changes in chromatin configuration (see text), the model
speculates that the microtubule and/or kinetochore architecture that results from nonamphitelic attachment activates CHK-1. Given that human Chk1 phosphorylates and
activates Aurora B when the SAC is active, I speculate that CHK-1 positively regulates
AIR-2 function to destabilize incorrect K-Mt attachments. Phosphorylation of TLK-1 by
CHK-1 may inhibit TLK-1 activity (similar to hChk1 inhibiting Tlk1 during S-phase)
against mitotic substrates, the identities of which remain unknown. However, TLK-1mediated AIR-2 activation may purdure since TLK-1 kinase activity is NOT necessary
to activate AIR-2 (see Chapter 2). At metaphase, the TLK-1 P-T610 modification
promotes the TLK-1/CYB-3 interaction. CYB-3 appears to be a positive regulator of
dynein activity (see Chapter 4), a critical SAC silencer. TLK-1-mediated AIR-2
activation may be inhibited by the translocation of TLK-1/CYB-3 from kinetochores to
centrosomes by dynein transport. As a result, bipolar K-Mt attachments would be
stabilized and the SAC silenced by dynein-dependent mechanisms.
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attachments by physically sequestering TLK-1-mediated AIR-2 activation (Figure 25,
Metaphase). These molecular mechanisms may be difficult to decipher, but
experimental designs aimed at supporting these hypotheses are explored in Chapter 5.
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CHAPTER FOUR: CYB-3 INFLUENCES THE
GENERATION OF STABLE KINETOCHOREMICROTUBULE ATTACHMENT AND EXTINGUISHES
THE SPINDLE ASSEMBLY CHECKPOINT IN C.
ELEGANS
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Introduction
The function and localization of cdk1/cyclin B complexes
Cdk1 is a crucial enzyme required for entry into mitosis (241). Multiple
mechanisms regulate Cdk1 function to guarantee that mitotic entry does not occur
prematurely. Inhibitory phosphorylations, binding of negative regulators, and restriction
of cyclin protein levels contribute to the temporality of Cdk1 activation (241). A- and
B-type cyclins bind mitotic Cdk1 leading to partial Cdk1 activation and also provide
substrate specificity to Cdk/cyclin complexes (242).
The subcellular localization of Cdk1/cyclin complexes is an important
mechanism regulating Cdk1 function since most proteins contain the short Cdk1
phosphorylation consensus sequence [(S/T)/P]. Immunofluorescence performed with
antibodies recognizing autophosphorylated active cyclin B1/Cdk1 complexes revealed
that Cdk1 first appears on centrosomes during prophase (139). Centrosome-enrichment
of Cdk1 complexes contributes to the commitment of cells to mitosis and spindle
assembly (139), while phosphorylation of the cytoplasmic retention sequence in cyclin
B1 stimulates prophase nuclear enrichment of Cdk1 and nuclear envelope breakdown
(243). Immunostaining of S. pombe, Drosophila embryos, and human cells revealed that
cyclin B1 localizes throughout the cytoplasm but is enriched at centrosomes and spindle
astral microtubules (244-246). In contrast, cyclin A is predominately associated with
chromosomes during S-phase and mitosis (244).
Molecular details of the mitotic mechanisms directly influenced by Cdk1 are
being revealed and suggest that Cdk1 function is required throughout mitosis.
Microtubule associated proteins (MAPs) are an important class of proteins targeted by
Cdk1. Xenopus Cdk1 phosphorylates the BimC kinesin Eg5 (kinesin-5 in vertebrates)
and enhances its affinity for microtubules (247). Eg5 influences spindle assembly by
crosslinking and sliding microtubules thereby driving microtubule flux (248). Thus,
positive regulation of Eg5 by Cdk1 contributes to spindle formation. Budding yeast
Cdk1/cdc28 participates in centrosome separation by stabilizing MAPs that are required
for microtubule bundling (249). Cdk1 protects the Cin8, Kip1, and Ase1 MAPs that are
essential for centrosome separation from degradation by phosphorylating and
inactivating Cdh1, an activator of the APC E3 ligase (249). After spindle assembly, a
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range of mechanisms contribute to nuclear envelope breakdown including dyneindependent fenestration of the nuclear envelope lamina by microtubules (250, 251),
Cdk1/cyclin B1 phosphorylation of the nucleoporin gp210 to facilitate nuclear pore
complex disassembly (252), and lamina phosphorylation by Cdk1 (253).
Recent evidence has revealed that Cdk1 has pivotal roles at kinetochores. The
kinetochore localization of Cdk1/cyclin B1 had remained elusive due to difficulties in
antibody recognition after cell fixation. However, live-cell imaging of GFP-tagged
cyclin B1 has confirmed kinetochore localization of Cdk1/cyclin B1 in human cells
(254). Mammalian cyclin b1 influences the production of proper kinetochoremicrotubule attachments and is subject to dynein-dependent removal from kinetochores
(255). Cdk1 function also regulates SAC activity. Mammalian Cdk1 phosphorylates
and inhibits separase via direct phosphorylation of separase (256). Phosphorylation of
separase by Cdk1 also promotes cyclin B1 binding to inhibit separase activity (218,
257). Therefore, Cdk1/cyclin B complexes appear to influence the metaphase-anaphase
transition through a variety of ways.
Diversity of mitotic cyclins
Cyclins display species-specific functional redundancy. S. cerevisiae has six Btype cyclins (Clb1-6), with Clb1-4 involved in mitosis (258). Mutational analysis has
revealed that each cyclin gene is individually dispensable. However, various
combinations such as the sclb1 clb2, the clb1 clb2 clb3, and the clb1 clb2 clb3 clb4
mutants are inviable (259, 260). Drosophila has three mitotic cyclins, CycA, B, and B3,
which are sequentially degraded as mitosis progresses (261). Recent RNAi experiments
revealed that CycB is required for the syncytial mitotic divisions of the early embryo but
is dispensable zygotically, while co-depletion of CycA and CycB3 resulted in delayed
but ultimately successful nuclear divisions (262). Mammals have three B-type cyclins,
B1, B2, and B3, which appear to have both overlapping and specific functions. While
cyclin B1-null mice die early in development (< day 10 of embryogenesis), cyclin B2deficient mice grow to be healthy and fertile adults (263). Mammalian cyclin B3 is
highly expressed in male and female meiotic germ cells, suggesting a specific role in
meiotic progression (264).
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Cdk1-related processes that are influenced by B3-type cyclins remain elusive.
The evolutionary conservation of cyclin B3 is unique since interspecies B3-type cyclin
homology is greater than the similarity of B3 to cyclin B proteins within the same
species (265). Although cyclin B3 is highly expressed in testis, it is expressed in a
variety of human tissues at very low levels (266). Importantly, no mitotic event directly
influenced by cyclin B3 has been identified. Therefore, molecular mechanisms that are
influenced by cyclin B3/Cdk1 remain enigmatic.
The mitotic cell cycle machinery in C. elegans
The C. elegans Cdk1 homolog (CDK-1 or NCC-1) is required for oocyte
maturation and entry into embryonic and larval mitoses (148). CDK-7 positively
regulates CDK-1 and is a crucial and conserved CAK (cdk1-activating kinase) .
Combined inactivation of cdk-7 through a temperature-sensitive mutation and RNAi
resulted in a cdk-1(RNAi)-like one-cell embryonic arrest (267). C. elegans harbors four
partially redundant cyclin B family members called CYB-1, CYB-2.1, CYB-2.2, and
CYB-3 (Figure 26A)(66). CYB-1/CDK-1 participates in nuclear envelope breakdown
by phosphorylating the nuceloporin gp210 (252). Maturation and ovulation of C.
elegans oocytes is dependent on the presence of sperm, and the meiotic divisions of the
oocyte nucleus take place immediately after fertilization. Previous studies revealed a
role for CYB-3 in the duration of the second meiotic division (MII) (268, 269) and the
timely destruction of maternal gene products as embryos transition from meiosis to
mitosis (270). Embryos depleted of all four cyclin B proteins arrest at the one-cell stage
and phenocopy cdk-1(RNAi) (271). Thus C. elegans B-type cyclins appear to have
distinct yet partly overlapping functions. Here, we focus on CYB-3 functions during
mitosis and reveal surprising requirements for this B-type cyclin during chromosome
congression and spindle checkpoint regulation.
Results
CYB-3 is required for proper mitotic progression
To determine the consequence of CYB-3 depletion during C. elegans
embryogenesis, L4 larval stage hermaphrodites were fed bacteria expressing cyb-3
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Figure 26: A protein alignment of C. elegans B-type cyclins
A) Clustal-W alignment of approximately 1000 nucleotides the N-terminal protein
coding regions of CYB-1, CYB-2.1, CYB-2.2, and CYB-3 cDNAs. The percent
homology among the four C. elegans B-type cyclins is listed in the table below. B)
Protein extracts from control and cyb-3(RNAi) embryos were immunoprecipitated with a
CYB-3 antibody and subjected to western analysis with the same antibody. !-tubulin
was used as a loading control. Asterisk: non-specific protein band.
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dsRNA, leading to the efficient depletion of CYB-3 (Figure 26B). The first mitotic
division of C. elegans embryogenesis occurs after the fertilization-induced completion of
the meiotic divisions of the oocyte nucleus. Subsequently, the anterior-localized
maternal pronucleus then migrates towards the paternal pronucleus at the posterior end
of the embryo. The two pronuclei then traverse to the center of the embryo as the
growing mitotic spindle undergoes a rotation to align with the long axis of the embryo.
Nuclear envelope breakdown and prometaphase chromosome congression culminate in
complete metaphase alignment. Anaphase sister chromatid segregation immediately
ensues and mitotic exit occurs.
We quantified the duration of the first mitotic division in embryos treated with
control or cyb-3(RNAi) using specific cellular events as landmarks. We defined
pronuclei meeting (PNM) as the initial joining of the maternal and paternal pronuclei,
and nuclear envelope breakdown (NEB) as the absence of a clear nucleoplasm and
nuclear envelope. Moreover, mitotic exit was defined as the time interval between the
start of chromosome decondensation and the beginning of centrosome breakdown.
Mitotic progression was monitored by spinning disk confocal microscopy of one-cell
embryos expressing mCherry::Histone H2B and GFP::!-Tubulin to visualize the
chromosomes and mitotic spindle, respectively. In both control and cyb-3(RNAi) treated
embryos, the maternal pronucleus migrated towards the posterior region of the embryo
prior to PNM with subsequent movement and rotation of the mitotic apparatus to
generate a centrally localized equatorial bipolar spindle (Figure 27A). However, the
duration between PNM and NEB was delayed approximately 2.5-fold in cyb-3(RNAi)
embryos compared to control (Figure 27, A and B). After NEB, control-treated embryos
showed robust congression of prometaphase chromosomes to the metaphase plate within
~1.5 minutes. However, the period of time required for chromosome congression in
CYB-3-depleted embryos was 3-fold longer, and was often incomplete (Figure 27, A
and B). 4 out of 10 embryos displayed chromosomes that initially aligned to the
metaphase plate but subsequently underwent movement towards the centrosome,
followed by re-alignment.
Most striking, however, was the metaphase arrest induced by cyb-3(RNAi).
Metaphase was the shortest mitotic stage in control-treated embryos, lasting an average
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Figure 27. CYB-3 depletion increases the duration of early mitotic stages and
inhibits anaphase chromosome segregation
A) Embryos from OD57 L4 hermaphrodites fed control and cyb-3(RNAi) were subjected
to live imaging. Time 0:00 corresponds to metaphase chromosome alignment. Frames
to the right of 0:00 depict mitotic progression 1, 3, and 6 minutes after metaphase.
PNM: Pronuclear meeting; NEB: nuclear envelope breakdown; META: metaphase.
Scale bar = 10 µm. B) Mitotic progression in control and cyb-3(RNAi) treated OD57
embryos undergoing the first mitotic division. Error bars: mean +/- s.e.m, n = 4 embryos
for each condition.
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of 52 seconds. The loss of CYB-3 resulted in a striking 6-fold increase in the duration of
metaphase (287 seconds) (Figure 27, A and B). Anaphase chromosome segregation and
telophase chromosome decondensation did not occur in the absence of CYB-3.
Therefore, the duration of metaphase in cyb-3(RNAi) embryos was defined as the
continued alignment of chromosomes at a metaphase-like plate until centrosome
breakdown. In these embryos, cleavage furrow ingression occurred while chromosomes
remained condensed and aligned at the metaphase plate. Indeed, the cleavage furrow
often “cut” the metaphase chromosomes depending on the position of the chromosomes
relative to the furrow (data not shown). Entry into the next cell cycle in both daughter
cells (as evidenced by centrosome duplication and separation) was also apparent, but
occurred in the presence of aligned chromosomes from the first mitotic division (Figure
27A). Lastly, a meiotic role for CYB-3 was also corroborated, and embryos treated with
cyb-3(RNAi) only extruded the first polar body and were unable to segregate sister
chromatids during anaphase II (data not shown). Importantly, meiotic segregation
defects do not result in mitotic metaphase delays in C. elegans embryos (9, 151).
Therefore, the metaphase delay in cyb-3(RNAi)-treated embryos is not a secondary
consequence of the meiotic defects. These data suggest that CYB-3 is required for the
timely execution of mitosis and is essential for the metaphase-to-anaphase transition
during mitosis and meiosis.
The phenotype observed upon loss of CYB-3 is distinct from that caused
by the depletion of other B-type cyclins
CYB-3 is one of four B-type cyclins in C. elegans. The remaining three cyclin B
proteins include CYB-1, the closest homolog to mammalian Cyclin B1, and two B2-like
proteins. CYB-1, CYB-2.1, and CYB-2.2 are highly homologous to one another and can
be targeted for elimination using a single dsRNA (Figure 26A). Embryos were codepleted of CYB-1, CYB-2.1, and CYB-2.2 (cyb-1&2(RNAi)) and mitotic progression
assessed via live cell imaging. Interestingly, chromosomes from one-cell embryos
treated with cyb-1&2(RNAi) did not align to a metaphase plate but still underwent
anaphase chromosome and spindle movements (Figure 28). The duration from NEB to
the onset of anaphase spindle movements in CYB-1&2 depleted embryos was similar to
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Figure 28. The phenotype resulting from the concomitant loss of CYB-1, CYB-2.1,
and CYB-2.2 is distinct from cyb-3(RNAi) defects
Live imaging of embryos from OD57 hermaphrodites subjected to mock, cyb-3, or cyb1&2 dsRNA microinjection. Time 0:00 = NEB. Frames to the right of 0:00 correspond
to 1, 2, 4, 6, and 8 mins after NEB. Scale bar = 10 µm.
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control embryos (average of 150 secs for control (n=2; SD=0) and 124 secs for cyb1&2(RNAi) (n=7; SD=20), suggesting that the SAC is not activated in cyb-1&2(RNAi)
embryos. Thus, embryos depleted of CYB-3 exhibit a phenotype distinct from that
caused by co-depletion of CYB-1 and CYB-2.
CYB-3 depletion activates the spindle assembly checkpoint
Amphitelic metaphase chromosome alignment results in the generation of tension
between sister kinetochores (interkinetochore) as well as within each sister kinetochore
(intrakinetochore), two prerequisites for anaphase chromosome segregation (272, 273).
Kinetochores as well as centromeric chromatin undergo stretching at metaphase due to
tension that results from bipolar K-Mt attachment (240). Sister centromere and
kinetochore stretching produces spindle tension that is a requirement for anaphase onset.
Therefore, we hypothesized that the robust metaphase delay in cyb-3(RNAi) embryos
was caused by SAC activation. The 3F3/2 antibody has been used to study sister
chromatid tension and SAC activation in many experimental systems (274). Recently,
the 3F3/2 epitope was identified as Plk1-dependent phosphorylation of the SAC
component BubR1 (274). The 3F3/2 epitope is generated when no or reduced tension is
present between sister chromatids and is a marker of SAC activity (231). Thus, the
3F3/2 antibody stains tension-less kinetochores during prometaphase, as well as
metaphase sister chromatids that are unable to generate tension. To determine if cyb3(RNAi) causes a loss of metaphase tension, control and cyb-3(RNAi) embryos were
fixed and co-stained with 3F3/2 and BUB-1 antibodies. As expected, the 3F3/2 antibody
faintly stained prometaphase chromosomes in control and cyb-3(RNAi) embryos,
corresponding to a lack of tension prior to bipolar K-Mt attachment and metaphase
chromosome alignment (Figure 29). Although control embryos did not show 3F3/2
metaphase chromosome staining, the 3F3/2 antibody strongly recognized cyb-3(RNAi)
metaphase chromosomes (Figure 29). On a final note, embryos were treated with the
microtubule-stabilizer Taxol that inhibits the generation of sister chromatid tension
leading to 3F3/2 production. Indeed, the 3F3/2 antibody recognized nuclei from Taxoltreated but not vehicle-control multi-cellular embryos (Figure 44B). This result reveals
that the absence of sister chromatid tension leads to 3F3/2 epitope production in C.
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Figure 29. The 3F3/2 antibody stains cyb-3(RNAi) metaphase kinetochores
Control and cyb-3(RNAi) embryos were fixed and stained with DAPI (blue) and 3F3/2
(green) and BUB-1 (red) specific antibodies. Scale bar = 10 µm.
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elegans similar to other organisms. Taken together, these data suggest that the altered
geometry of metaphase kinetochores and centromeres upon CYB-3 depletion is the
result of decreased metaphase chromosome tension.
The Spindle Assembly Checkpoint (SAC) monitors chromosome alignment to
the metaphase plate and allows for the timely onset of anaphase (89). C. elegans
embryos have a functional, conserved SAC that responds to perturbations in mitotic
spindle dynamics elicited by chemical or genetic manipulation (154, 165). Recent work
revealed that the C. elegans SAC is bipartite, consisting of a largely cytosolic
CeMad3/CeBub3 network, as well as kinetochore-based CeMad1/CeMad2 signaling
(154). GFP::MDF-2 (CeMad2) is a nuclear protein that does not show clear kinetochore
localization in wild type embryos (154). However, GFP::MDF-2 is targeted to the
kinetochore in embryos where the SAC is activated (i.e. by the presence of monopolar
spindles) (154, 275). Since the kinetochore localization of MDF-2 is a read-out of SAC
activity (154, 275), we determined the localization of GFP::MDF-2 upon loss of CYB-3.
Live imaging of embryos expressing GFP::MDF-2 and mCherry::Histone H2B
confirmed that MDF-2 is nuclear and is not apparent on kinetochores in control-treated
embryos (Figure 30). Conversely, GFP::MDF-2 localized to sister chromatid
kinetochores during both prometaphase and metaphase in cyb-3(RNAi) embryos (Figure
30). These data suggest that cyb-3(RNAi) activates the SAC resulting in the recruitment
of MDF-2 to defective kinetochores.
The Spindle Assembly Checkpoint is required for the metaphase block in CYB-3
depleted embryos
Since CYB-3 depletion results in SAC activation and a metaphase block, we
determined whether the SAC was required for inhibition of anaphase chromosome
segregation in cyb-3(RNAi) cells. To this end, GFP::!-Tubulin; mCherry::Histone H2B
embryos co-depleted of MDF-1 (CeMad1) (276) and CYB-3 were subjected to live
imaging. To control for the effect of co-depletion, cyb-3 dsRNA and mdf-1 dsRNAexpressing bacteria were diluted with control bacteria (hereafter noted T7, see Methods
and Materials). mdf-1+T7(RNAi) did not result in any apparent defects in the timing or
execution of mitosis as compared to T7(RNAi) treated embryos (Figure 31, A and B).
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Figure 30. The conserved spindle assembly checkpoint protein MDF-2 localizes to
kinetochores in CYB-3-depleted cells
Selected live images of control and cyb-3(RNAi) embryos co-expressing GFP::MDF-2
and mCherry::Histone H2B are shown. Time 0:00 = 30 seconds prior to complete NEB.
Scale bar = 10 µm.
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The mitotic defects of cyb-3+T7(RNAi) embryos were indistinguishable from undiluted
cyb-3(RNAi), and the one-cell embryos arrested at metaphase. MDF-1 contributed to the
prometaphase delay in cyb-3(RNAi) embryos, since the duration of prometaphase in cyb3+mdf-1(RNAi) embryos was shortened compared to cyb-3+T7(RNAi), however this
interval remained lengthened compared to T7(RNAi) (Figure 31, A and B). Strikingly,
cyb-3+mdf-1(RNAi) embryos entered anaphase after a brief metaphase delay, suggesting
that MDF-1 function is required for the metaphase delay in cyb-3+T7(RNAi) embryos
(Figure 31, A and B). Importantly, GFP::MDF-2 was not recruited to cyb-3+mdf1(RNAi) kinetochores confirming SAC inactivation in these embryos (data not shown).
The suppression of the cyb-3(RNAi)-induced metaphase block was not specific to MDF1 depletion, since co-depletion of CYB-3 and either CeMad3 or CeBub1 also resulted in
anaphase onset (data not shown). Finally, embryonic lethality remained completely
penetrate in embryos co-depleted of CYB-3 and various SAC proteins, suggesting
incorrect anaphase segregation of sister chromatids and/or additional cell-cycle defects.
Altogether, these results confirm that the metaphase delay elicited by cyb-3(RNAi)
requires the SAC.
CYB-3 is required for the geometry of metaphase kinetochores
The C. elegans embryo has proven to be a powerful platform to study
kinetochore function. C. elegans chromosomes are holocentric, and the large
centromeric chromatin domain provides an advantage for studying changes in
kinetochore structure and centromere resolution (45). We reasoned that the chromosome
congression defects and SAC activation in cyb-3(RNAi) embryos may correlate with
defective kinetochore architecture and inappropriate K-Mt attachments. Hence, control
and cyb-3(RNAi) embryos were fixed and co-stained with antibodies recognizing two
kinetochore proteins, HCP-1/CeCENP-F and BUB-1/CeBub1. During prophase in wildtype cells, sister centromeres are resolved from one another, resulting in the orientation
of sister kinetochores towards opposite spindle poles (64). This geometry of late
prophase sister chromatid centromeres/kinetochores lessens the probability of
kinetochores interacting with microtubules emanating from the wrong spindle pole.
Prophase sister chromatid resolution occurred in both control and CYB-3-depleted
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Figure 31. The metaphase block in cyb-3(RNAi) embryos is dependent on the SAC
A) Selected live images of OD57 embryos treated with the indicated RNAi
combinations. 0:00 = metaphase. Images immediately to the left of 0:00 correspond to
NEB. The left most images represent PNM. B) Duration of mitotic stages after
treatment with various RNAi combinations. *: p<0.05 compared to T7 control. Error
bars: mean +/-s.e.m; control, n = 7; cyb-3+T7(RNAi), n = 8; mdf-1+T7(RNAi), n = 10;
cyb-3+mdf-1(RNAi), n = 17. Scale bar = 10 µm.
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embryos, as evidenced by parallel stripes of BUB-1 and HCP-1 staining on prophase
chromosomes (Figure 32A). This kinetochore geometry was maintained under both
conditions through prometaphase. At metaphase, 100% of control-treated embryos had
two clearly defined stripes of BUB-1 and HCP-1 staining, as well as punctate staining of
K-Mts (Figure 32A). Loss of CYB-3 resulted in two morphologically distinct classes of
metaphase kinetochores, both significantly different from control. The majority of cyb3(RNAi) embryos (81.8%) had no evidence of parallel BUB-1 or HCP-1 metaphase
kinetochore staining, as well as the complete absence of BUB-1 or HCP-1 localization to
metaphase K-Mts (Figure 32A). Rather, BUB-1 and HCP-1 staining was coincident
with the body of the metaphase chromosomes. A small percentage of embryos (18.2%)
showed patches of BUB-1 and HCP-1 parallel stripes but no retention of BUB-1 or
HCP-1 K-Mt localization (Figure 32A). Immunolocalization performed with antibodies
recognizing five additional kinetochore proteins (SEP-1, KLP-7, KNL-2, and two
phospho-TLK-1 antibodies) confirmed the alteration of cyb-3(RNAi) metaphase
kinetochores (data not shown) suggesting that the architecture of the entire metaphase
kinetochore was specifically and significantly altered. Finally, live cell imaging
revealed that the kinetochore protein GFP::NDC-80 also co-localized with the bulk of
metaphase chromosomes in cyb-3(RNAi) embryos (data not shown).
As in other organisms, the C. elegans kinetochore is built on centromeric
chromatin which contains the histone variant CENP-A (HCP-3 in C. elegans) (47). In
fact, centromeric chromatin is the upstream-most crucial kinetochore component (65).
HCP-3 depletion leads to a kinetochore-null phenotype and chromosome segregation
defects (65). Thus, the altered metaphase kinetochore architecture that occurred in the
absence of CYB-3 could coincide with changes in centromere geometry. To determine
the state of sister chromatid centromeres, fixed embryos were co-stained with antibodies
recognizing BUB-1 and HCP-3 to simultaneously visualize the outer kinetochore and
centromere. Parallel stripes of BUB-1 and HCP-3 were evident on control and cyb3(RNAi) prophase and prometaphase chromosomes, consistent with sister chromatid
centromere resolution occurring under both conditions (Figure 32B). At metaphase,
100% of control embryos showed clear stripes of HCP-3 and BUB-1 staining, whereas
most embryos depleted of CYB-3 had no clearly resolved HCP-3 and BUB-1 stripes
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Figure 32. CYB-3 influences the geometry of metaphase kinetochores
A) Control and cyb-3(RNAi) embryos were fixed and stained with DAPI and antibodies
recognizing the kinetochore proteins HCP-1 (green) and BUB-1 (red). Arrowheads:
resolved sister chromatids. Arrows: K-Mt immunostaining. B) Embryos treated as in
(A) were stained with DAPI and antibodies recognizing HCP-3 (green) and BUB-1
(red). Arrowheads: resolved sister chromatids. C) Selected live images of control and
cyb-3(RNAi) embryos expressing GFP::HCP-3 and mCherry::H2B are shown. Time
0:00: first evidence of nearly complete metaphase chromosome alignment. The first
panels in each row correspond to NEB. For each RNAi condition, the top panel is
GFP::HCP-3 and mCherry::H2B while the bottom panel is GFP::HCP-3 alone. Scale
bars = 10 µm.
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(83%) (Figure 32B). Importantly, the loss of metaphase BUB-1 stripes was always
coincident with unresolved, “twisted” HCP-3 stripes, suggesting a correlation between
kinetochore and centromere morphological changes.
Next, we generated time-lapse movies of embryos expressing GFP::HCP-3 and
mCherry::H2B to visualize centromeric chromatin and entire chromosomes in live cells.
In control and cyb-3(RNAi) embryos, sister chromatid resolution occurred prior to NEB
with GFP::HCP-3 lines orientated on the poleward face of mCherry::H2B-labeled
chromatin (Figure 32C). This geometry was maintained throughout prometaphase under
both conditions. In control embryos, parallel lines of GFP::HCP-3 were not apparent
during initial metaphase chromosome alignment but became visible just prior to
anaphase chromosome segregation in the majority of embryos (9/12) (Figure 32C).
Parallel GFP::HCP-3 lines were never apparent during metaphase in cyb-3(RNAi) cells
(n=9) (Figure 32C). Altogether, these results suggest that the geometry of metaphase
centromeric chromatin is altered in cyb-3(RNAi) embryos.
CYB-3 influences kinetochore-microtubule dynamics
Chromosome congression requires kinetochore attachment to the mitotic spindle
and is supervised by a surveillance mechanism that corrects improper, non-amphitelic
attachment of kinetochores to microtubules (89). The lengthened interval of
prometaphase and metaphase in CYB-3-depleted embryos suggested that kinetochore
microtubule interactions may be defective. Interestingly, staining with an !-tubulin
specific antibody revealed that the density of metaphase kinetochore-microtubules (KMts) was increased, and the metaphase spindle appeared “pinched” at the centrosomes in
cyb-3(RNAi) treated embryos compared to control (Figure 33A). Similar abnormalities
were apparent in live cyb-3(RNAi) embryos, suggesting that fixation is not the cause of
the altered K-Mts (Figure 33B). A qualitative increase or decrease in astral microtubule
density was not apparent in fixed or live embryos.
In control-treated embryos, chromosome alignment occurred with precision and
100% of fixed metaphase one-cell embryos had all twelve pairs of sister chromatids
aligned at the metaphase plate (Figure 33C). Upon CYB-3 depletion, only 71% of onecell embryos had complete metaphase chromosome alignment, whereas 29% had at least
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Figure 33. cyb-3(RNAi) embryos exhibit metaphase chromosome malorientation
and altered spindle morphology
A) Control and cyb-3(RNAi) embryos were fixed and stained with DAPI (blue) and an !tubulin (green) antibody. One-cell embryos at metaphase are shown. Arrow: unaligned
chromosome. B) Selected live images of control or cyb-3(RNAi) OD57 embryos at
metaphase are shown. Arrows: unaligned chromosomes. Panel labels are the same as in
(A). Scale bars = 10µm. C) Percentage of fixed control and cyb-3(RNAi) one-cell
embryos with complete metaphase chromosome alignment (control, n = 25; cyb3(RNAi), n = 42; Error bars: mean +/- s.e.m; p = 0.001).
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one pair of sister chromatids that was not at the metaphase plate (Figure 33C). Realtime analysis of CYB-3 depleted embryos expressing GFP::!-Tubulin and
mCherry::Histone H2B also revealed metaphase chromosome malorientation (3/10 cyb3(RNAi) embryos), an event not witnessed in control embryos (n = 18) (p = 0.01) (Figure
33B). Thus, CYB-3 depletion leads to an alteration in K-Mt organization as well as
metaphase chromosome alignment defects.
The increased duration of prometaphase, chromosome congression defects, and
continued SAC activation in cyb-3(RNAi) embryos suggested that CYB-3 is required for
the appropriate attachment of kinetochores to microtubules. Most organisms undergo
two stages of anaphase chromosome movements termed anaphase A and B. Anaphase A
occurs in early anaphase, when depolymerization of kinetochore-proximal microtubules
results in chromosome movement to centrosomes. Anaphase B segregation occurs when
spindle poles are pulled towards the cell cortex by cortical microtubules. C. elegans
embryos only undergo anaphase B segregation, so the pole-pole distance is a measure of
the strength of cortical pulling forces (67). Cortical pulling forces are antagonized by
stable K-Mt interactions, so the pole-pole distance is an indirect measure of the strength
of K-Mt attachments (67). To determine if CYB-3 influences the generation of stable KMt attachments, embryos were co-depleted of CYB-3 and known microtubule-binding
kinetochore proteins. Two Mt binding entities exist within the C. elegans kinetochore:
one in the NDC-80 complex and another in the KNL-1 complex (71). Indeed, live cell
imaging performed with embryos expressing GFP::!-tubulin and mCherry::H2b
revealed that the pole-pole distance of embryos co-depleted of CYB-3 and either NDC80 or KNL-1 was greater than singular depletions (Figure 34, A and B). These results
suggest that loss of CYB-3 weakens K-Mt interactions, resulting in increased cortical
pulling forces on centrosomes and increased pole-pole separation. On a final note,
spindle length measurements assessed in embryos co-depleted of MDF-1 and CYB-3
revealed robust anaphase pole-pole separation that was delayed compared to control
(Figure 34B). Additionally, experiments described below reveal that CYB-3 depletion
delays chromosome condensation. However, spindle pole separation in embryos
depleted of SMC-4, a critical condensin subunit, was similar to control suggesting that
defective chromosome condensation does not significantly alter K-Mt stability.
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Figure 34. Kinetochore-microtubule attachments are weakened in the absence of
CYB-3
A) Embryos isolated from OD57 hermaphrodites treated with the indicated RNAi
combinations were mounted and subject to live imaging. Still images derived from the
movies are shown, with NEB = 0:00. Note the increased pole-pole distance in embryos
treated with cyb-3(RNAi) and RNAi directed against bona fide kinetochore microtubule
binding complexes (bottom two rows) compared to single-depletion conditions. Scale
bar = 10 µm. B) The pole-pole distance was measured as a function of time relative to
NEB from movies generated with OD57 embryos treated with the indicated RNAi
conditions.
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Kinetochore and kinetochore-microtubule localization of CYB-3 at metaphase
The data presented above suggest that CYB-3 influences K-Mt binding and loss
of CYB-3 leads to a deregulation of this particular kinetochore function. Therefore,
CYB-3 likely has a regulatory rather than a structural role at kinetochores. To determine
the subcellular localization of CYB-3, embryos expressing GFP::CYB-3 were fixed and
stained with the GFP antibody and !-tubulin as a fixation control (Figure 35). CYB-3
displayed nuclear localization during prophase and concentrated to the vicinity of
prometaphase chromosomes. At metaphase, CYB-3 was enriched on both sides of the
metaphase plate indicative of kinetochore and K-Mt localization (Figure 35). As
expected, CYB-3 levels were greatly reduced at anaphase consistent with the anaphasepromoting machinery targeting B-type cyclins for proteolysis (Figure 35). These data
indicate that CYB-3 has the appropriate localization to regulate kinetochore function
during prometaphase and metaphase.
Dynein is retained at kinetochores in the absence of CYB-3
Although much is known about SAC activation, the mechanism by which the
SAC becomes silenced remains largely elusive. Dynein, a microtubule motor protein,
actively removes SAC proteins from properly attached kinetochores, trafficking along
K-Mts to shuttle SAC proteins from kinetochores to centrosomes (82, 184). Since the
SAC could not be satiated in embryos depleted of CYB-3, we analyzed whether DHC-1
(CeDynein heavy chain) was properly localized by examining embryos expressing
GFP::DHC-1 and mCherry::Histone H2B. Under control conditions, GFP::DHC-1
localized to the nuclear periphery at prophase and was faintly associated with
chromosomes upon nuclear envelope breakdown (Figure 36). At metaphase,
kinetochore and K-Mt localization was evident. The relocation of DHC-1 from
kinetochores to centrosomes occurred during anaphase and was most obvious by midanaphase (Figure 36). In embryos depleted of CYB-3, GFP::DHC-1 localized to the
nuclear periphery during prophase as in control. Strikingly, DHC-1 was strongly
detected at cyb-3(RNAi) kinetochores during prometaphase and metaphase, while the KMt signal at metaphase was greatly reduced (Figure 36). The dynactin complex is a
conserved positive regulator of dynein function (185). The failure of minus-end directed
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Figure 35. GFP-conjugated CYB-3 localizes to the vicinity of kinetochores
Embryos expressing GFP::CYB-3 were fixed and stained with DAPI, and antibodies that
recognize !-tubulin and GFP. The inset is a blow-up of the chromatin region of an
embryo at metaphase. Scale bar = 10 µm.
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Figure 36. Dynein fails to translocate away from cyb-3(RNAi) kinetochores
Selected live images from control and cyb-3(RNAi) embryos expressing GFP::DHC-1
and mCherry::Histone H2B are shown. Time 0:00 = PNM. Arrows: spindle and
centrosome localization of GFP::DHC-1. Time 0:00 = PNM. Scale bar = 10 µm.
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dynein to translocate from kinetochores to centrosomes (from microtubule plus- to
minus-ends, respectively) suggested that CYB-3 is required for some aspect of dynein
activation and/or microtubule binding. The localization of dynactin was assessed to
determine if the absence of dynactin contributes to the retention of dynein at cyb3(RNAi) kinetochores (277). Surprisingly, live cell analysis of GFP::DNC-2
(p50/dynamitin) revealed robust kinetochore localization of DNC-2 to prometaphase and
metaphase chromosomes upon cyb-3(RNAi) treatment but little K-Mt recruitment (data
not shown). Immunostaining performed with an antibody recognizing the dynactin
subunit DNC-1 (p150(glued)) also revealed the localization of DNC-1 to cyb-3(RNAi)
prometaphase and metaphase kinetochores with a concomitant decrease in K-Mt and
centrosome association (Figure 37). These results indicate that CYB-3 positively
regulates dynein and/or dynein-accessory protein function.
The inability of dynein and dynein-related proteins to associate with the mitotic
spindle in cyb-3(RNAi) embryos could reflect a global defect in microtubule-associated
protein (MAP) binding to K-Mts due to altered microtubule morphology. However, the
MAP BMK-1(CeBimC kinesin) (278), a substrate of AIR-2 that depends on AIR-2 to
target to microtubules, localizes to K-Mts in control and cyb-3(RNAi) embryos (Figure
38). Thus, a plus-end directed kinesin but not minus-end dynein show appropriate
microtubule localization in embryos depleted of CYB-3. Altogether, these data indicate
that K-Mts are not totally inconducive to MAP binding and suggest that CYB-3 is
required for the movement of dynein from kinetochores as sister chromatids congress to,
align with, and segregate from the metaphase plate.
Depleting a negative dynein regulator suppresses the metaphase delay associated
with partial CYB-3 depletion
Conserved positive regulators of dynein include the dynactin complex and Lis1,
and proper dynein function requires homologous proteins in C. elegans (277, 279).
Mechanisms that negatively regulate dynein activity remain largely unknown. However,
an RNAi-based screen in C. elegans revealed that DYLT-1 and DYRB-1, two dynein
light chains, negatively regulate dynein function but are otherwise dispensable for
viability (280). We predicted that dynein-related defects associated with strong CYB-3
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Figure 37. Dynein-accessory proteins are retained at cyb-3(RNAi) metaphase
kinetochores
Control and cyb-3(RNAi) embryos were fixed and stained with DAPI (blue) and
antibodies recognizing !-tubulin (green) and DNC-1/p150(glued) (red). Arrows: DNC1 centrosome staining in control embryos that is clearly decreased upon CYB-3
depletion. Arrowhead: centrosome breakdown. Scale bar = 10 µm.
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Figure 38. cyb-3(RNAi) K-Mts are accessible to microtubule-associated proteins
Control and cyb-3(RNAi) embryos were fixed and stained with DAPI (blue) and
antibodies recognizing !-tubulin (green) and BMK-1 (red). Scale bar = 10 µm.

151

152

depletion would not be feasibly suppressed by the loss of a dynein inhibitor. Therefore,
we hypothesized that removing an inhibitor of dynein in embryos partially depleted of
CYB-3 would facilitate dynein activity and suppress the metaphase delay. Live-cell
imaging was performed with GFP::!-tubulin and mCherry::histone H2B-expressing
embryos cut from hermaphrodites treated with cyb-3(RNAi) diluted with control or dylt1(RNAi). Under these conditions, CYB-3 depletion results in a significant metaphase
delay (approximately two-fold) compared to control-treated embryos yet anaphase
segregation eventually occurs (Figure 39A). Interestingly, the duration from nuclear
envelope breakdown to anaphase in dylt-1(RNAi)-treated embryos is significantly shorter
than control indicating that upregulated dynein activity may facilitate chromosome
congression and/or SAC silencing (Figure 39B). Consistent with our predication, the codepletion of DYLT-1 and CYB-3 suppressed the cyb-3(RNAi) metaphase delay and the
duration from nuclear envelope breakdown to anaphase was similar to control (Figure
39, A and B). When taken together, these results provide strong evidence of decreased
dynein function in embryos depleted of CYB-3.
Genetically reducing dynein function in cyb-3(RNAi) embryos enhances
prometaphase defects
The data presented above suggest that CYB-3 positively regulates dynein
function to silence the SAC. However, DYLT-1 may have dynein-independent mitotic
functions and we therefore sought to determine if dynein activity is directly altered in
cyb-3(RNAi) embryos. dhc-1(or195ts) mutants (hereafter referred to as dhc-1ts) harbor a
hypomorphic temperature-sensitive allele of the dynein heavy chain (78). dhc-1ts
embryos at restrictive temperatures display mitotic delays (including a delay at
metaphase) but progress through the early embryonic divisions albeit with chromosome
missegregation and penetrant lethality (78). With the prediction that genetically
dampening dynein function would enhance cyb-3(RNAi)-related defects, dhc-1ts
hermaphrodites or a wild-type strain were treated with control or dilute cyb-3(RNAi) and
incubated at semi-permissive temperatures (22°C and 24°C) for 24 hours. Embryos
were fixed and stained with an !-tubulin antibody and DAPI and the percentage of onecell embryos at prometaphase, metaphase, and anaphase was scored for each condition.
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Figure 39. Loss of a negative dynein regulator suppresses the metaphase latency in
embryos partially depleted of CYB-3
A) Still images obtained from movies of OD57 embryos treated with control (RNAi),
dilute dylt-1(RNAi), dilute cyb-3(RNAi), and dilute cyb-3(RNAi) and dylt-1(RNAi).
NEB = nuclear envelope breakdown. Scale bar = 10 µm. B) The time interval between
NEB and the beginning of anaphase chromosome movements was quantified for the
indicated RNAi movies. Asterisk = significantly different from control; control, n = 11;
dylt-1;control(RNAi), n = 2; dilute cyb-3(RNAi), n = 6; dilute cyb-3;dylt-1(RNAi), n = 7.
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The percentage of dhc-1ts control-treated embryos at prometaphase was significantly
greater than wild-type at 24°C but not 22°C, confirming the temperature-sensitive nature
of the dhc-1ts allele (Figure 40). These results are in line with the initial characterization
of dhc-1(or195ts) that revealed an increase in the duration of prometaphase due to
crippled dynein function (78). Interestingly, the percentage of anaphase control-treated
dhc-1ts embryos at 24°C was significantly less than wild-type (Figure 40). The
increased and decreased percentage of dhc-1ts embryos at prometaphase and anaphase,
respectively, are completely consistent with dynein function influencing chromosome
congression and/or SAC silencing.
Partial CYB-3 depletion did not increase the percentage of one-cell
prometaphase, metaphase, or anaphase wild-type embryos compared to control-treated
embryos at either temperature (Figure 40). However, multi-cellular embryos depleted of
CYB-3 displayed chromosome missegregation and ploidy changes confirming the partial
absence of CYB-3 (data not shown). As expected if CYB-3 positively regulates dynein
function, CYB-3 depletion increased the percentage of prometaphase dhc-1ts embryos
and decreased the number of embryos at anaphase at 22°C compared to wild-type
embryos (Figure 40). Decreasing CYB-3 function in dhc-1(ts) embryos at 24°C showed
a similar pattern (Figure 40). These data are consistent with our model that CYB-3
positively regulates dynein function.
CYB-3 and DHC-1 co-immunoprecipitate from embryo extract
Our model predicts that improper dynein function in CYB-3-depleted embryos is
due to missing phospho-regulation of dynein subunits mediated by CYB-3/CDK-1
(Figure 47). Since cyclins direct Cdks to distinct substrates, CYB-3 may provide
substrate specificity to the CYB-3/CDK-1 complex and tethers CDK-1 to its substrates.
We hypothesized that CYB-3 interacts with dynein to facilitate phosphorylation by
CDK-1. The C. elegans dynein complex is composed of thirteen subunits that interact
with heavy chain (DHC-1) dimers that form the complex’s motor core (WormBase web
site, http://www.wormbase.org, release WS204, date 29 Jul 2009). Since it is not
obvious which dynein subunit(s) CYB-3 binds, we speculated that DHC-1 would be a
good candidate for CYB-3 association since phosphorylation of the dynein motor may
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Figure 40. Reduction of dynein function enhances the prometaphase defects in
CYB-3-depleted embryos
Wild-type (the two leftmost columns of each temperature set) and dhc-1(ts) embryos
treated with control or dilute cyb-3(RNAi) were fixed and visually inspected for one-cell
embryos of the indicated mitotic stages. Error bars: mean + S.E.M.; Asterisks:
significantly different from control; Wild-type embryos (22°C: control, n = 74; cyb-3
dilute;control, n = 70), (24°C: control, n = 69; cyb-3 dilute;control, n = 95); dhc-1(ts)
embryos (22°C: control, n = 73; cyb-3 dilute;control, n = 69), (24°C: control, n = 64;
cyb-3 dilute;control, n = 96).
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be critical for dynein activation or movement. Moreover, CYB-3 coimmunoprecipitation with DHC-1 would imply that CYB-3 associates with dynein
subunit(s), whether they are the light or heavy chains. Embryos expressing GFP::DHC1 were isolated from control and cyb-3(RNAi)-treated hermaphrodites, sonicated, and
protein extract was incubated with a polyclonal CYB-3 antibody. The protein G-isolated
immunopurifications were washed, and the presence of CYB-3 and GFP::DHC-1 was
assessed by western blotting (Figure 41). Interestingly, GFP::DHC-1 levels in cyb3(RNAi) embryos was increased compared to control suggesting that dynein is stabilized
at the kinetochore (Figure 41, LOAD). GFP::DHC-1 co-immunoprecipitated with CYB3 in control but much less so in cyb-3(RNAi) immunoprecipitations (Figure 41).
Although preliminary, these results indicate that CYB-3 likely interacts with dynein in
vivo.
MDF-1mad1 is aberrantly associated with centrosomes in dhc-1ts embryos
Dynein function is required for a wide range of processes during C. elegans
mitosis including proper centrosome separation, asymmetric spindle positioning, and
chromosome congression (78). Embryos harboring a temperature-sensitive allele of dhc1 are delayed during prometaphase and metaphase at restrictive temperatures, a result
that was interpreted to reflect crippled SAC silencing when dynein function is perturbed
(78). However, it is currently unknown if SAC proteins in C. elegans serve as dynein
cargo. Corroborating a biochemical association of SAC proteins with dynein is likely to
be difficult since it is unclear which dynein subunits participate in this interaction.
The subcellular co-localization of proteins hints at their potential interactions.
We hypothesized that kinetochore-localized dynein interacts with SAC proteins to
coordinate SAC inactivation. Interestingly, the kinetochore localization of dynein in
dhc-1(or195) embryos fails, and dynein is found predominately at centrosomes (78,
280). If dynein interacts with SAC proteins, we hypothesized that MDF-1Mad1 in dhc1(or195) mutants would inappropriately co-localize with dynein at centrosomes. Indeed,
immunostaining of wild-type and dhc-1(or195) embryos at restrictive temperatures with
the MDF-1 antibody revealed robust MDF-1 centrosome staining in dhc-1(or195)
embryos at prophase, prometaphase, and metaphase (Figure 42B). In stark contrast,
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Figure 41. CYB-3 and DHC-1 co-immunoprecipitate from embryo extract
Embryos from GFP::DHC-1 hermaphrodites treated with control and cyb-3(RNAi) were
isolated, subjected to sonication, and the pre-cleared soluble lysate was used for
immunoprecipitation with an anti-CYB-3 antibody. Immobilized Protein G was used to
isolate CYB-3-containing immunocomplexes, washed, and boiled in loading buffer.
Western analysis was first performed with an anti-GFP antibody to determine the
presence of DHC-1. Membranes were stripped and probed with CYB-3-specific
antibodies. T7 = control; LOAD = 1/10 of starting material and CYB-3 IP = washed
CYB-3 immunoprecipitates.
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Figure 42. MDF-1mad1 is enriched at centrosomes in dhc-1ts embryos throughout
mitosis
A) Wild-type and B) dhc-1ts hermaphrodites were incubated at 22°C and their embryos
were fixed and stained with DAPI, !-tubulin, and an antibody recognizing MDF-1.
Pro = prophase; Pro-meta = prometaphase; Meta = metaphase; Ana = Anaphase;
Arrows = centrosome staining. Scale bar = 10 µm.
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MDF-1 was only apparent with metaphase and anaphase centrosomes in control-treated
embryos (Figure 42A). These results are consistent with SAC proteins serving as dynein
cargo and indicate that the proper localization of SAC proteins during mitosis requires
functional dynein complexes.
K-Mt defects do not contribute to dynein kinetochore retention
It has been proposed that the movement of dynein from kinetochores may be
facilitated by proper K-Mt attachments (281). In this model, dynein is retained at
kinetochores due to increased microtubule turnover in the presence of incorrect K-Mt
interactions. If this model is correct, the inability of dynein to shuttle off of kinetochores
may be due to unstable K-Mt attachments in embryos depleted of CYB-3. However,
embryos depleted of key microtubule binding complexes at the kinetochore (e.g. NDC80 and KNL-1) still undergo anaphase spindle movements and thus are unlikely to have
SAC silencing defects (67). To determine if dynein is retained at kinetochores in
embryos treated with ndc-80(RNAi) or knl-1(RNAi), live-cell imaging of embryos
expressing GFP::DHC-1 and mCherry::histone H2B was performed. As expected, the
inability to generate stable K-Mt interactions did not perturb the dynamic localization of
dynein and faint kinetochore localization was only visible at metaphase (data not
shown). These results indicate that CYB-3 may have separable roles in the generation of
stable K-Mt attachments and dynein-dependent SAC silencing. However, it is likely that
decreased dynein function contributes to the malfunction of both processes.
The temporality of chromosome condensation is altered in cyb-3(RNAi) embryos
Cdk1 function is required for chromosome condensation in part by
phosphorylating condensin subunits that are essential for establishing higher-order
chromatin structures (92). We noticed that mitotic chromosomes in CYB-3-depleted
embryos were not as condensed as control-treated embryos. Moreover, C. elegans
embryos depleted of condensin subunits show defects in chromosome condensation and
altered architecture of prometaphase and metaphase kinetochores (9, 26). To rule out
chromosome condensation defects as the cause of the molecular alterations in embryos
depleted of CYB-3, many of the experiments described above were performed with
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embryos depleted of essential condensin subunits (e.g. SMC-4 and HCP-6). To
quantitatively determine condensation defects in cyb-3(RNAi) embryos, live-cell imaging
was performed with embryos expressing GFP::"-tubulin (an independent marker to
define the mitotic stage) and GFP::histone H2B. Chromosome condensation in the
paternal pronucleus was monitored with an algorithm previously designed for such a
purpose (19). This program detects the percentage of pixels that have intensities falling
below a defined threshold of the maximum (19). For example, the percentage of pixels
falling below 20% of the maximum pixel intensity threshold occurs late during
condensation since GFP::histone H2B molecules must be in close proximity to satisfy
this value. Embryos treated with control(RNAi), cyb-3(RNAi), and smc-4(RNAi) were
subject to live-cell imaging and chromosome condensation was analyzed in the paternal
pronucleus. In control embryos, chromosome condensation initiated approximately 4.5
mins before nuclear envelope breakdown (Figure 43A, time point -270) and linear
chromosomes were apparent 1.5 minutes prior to nuclear envelope breakdown (time
point -90). Depletion of SMC-4 greatly perturbed chromosome condensation and
compact linear chromosomes were not observed at any mitotic stage (Figure 43A). In
contrast, the depletion of CYB-3 did not drastically affect chromosome condensation
and chromosome morphology was similar to control at nuclear envelope breakdown
(Figure 43A). Quantitation of GFP::histone H2B intensity revealed that CYB-3depletion slows but does not greatly affect chromosome condensation (Figure 43B;
compare the 20% and 35% line traces). However, smc-4(RNAi) perturbs chromosome
condensation measured at each threshold (Figure 43B). These data indicate that CYB-3
regulates the temporality of condensation but is not required for it per se.
RNAi-mediated silencing of chromosome condensation factors does not phenocopy
cyb-3(RNAi) defects
Embryos depleted of CYB-3 displayed increases in the duration of prophase and
prometaphase, with the complete absence of anaphase sister chromatid separation
(Figure 27). To determine if defective chromosome condensation similarly alters cell
cycle progression, OD57 embryos expressing GFP::!-tubulin and mCherry:histone H2B
were treated with smc-4(RNAi) and the first mitotic division viewed with live-cell
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Figure 43. CYB-3 influences the timing of chromosome condensation yet loss of
condensation does not alter cell cycle progression
A) Hermaphrodites expressing GFP::gamma-tubulin and GFP::Histone H2B were
treated with control, cyb-3, and smc-4(RNAi). Embryos were isolated and mounted for
spinning-disc confocal microscopy. Enlarged images of chromosomes are shown for
comparison with time points (in seconds) relative to nuclear envelope breakdown
(NEB). B) Quantitation of the percentage of GFP::histone H2B pixels that have
intensities below the indicated thresholds. The control plots are superimposed on the
cyb-3(RNAi) and smc-4(RNAi) graphs for comparison. C) Still images from movies
generated with OD57 embryos depleted of the indicated proteins via RNAi. Scale bar =
10 µm. The movies were analyzed to obtain time intervals for the mitotic stages
indicated in (D).
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imaging. Depletion of SMC-4 abruptly compromised chromosome condensation but did
not significantly alter cell cycle progression (Figure 43, C and D). The most severe
defects occurred during anaphase when uncondensed chromosomes were stretched along
the A-P axis of the mitotic spindle with no clear chromosome segregation (Figure 43C)
(26). In these experiments, anaphase onset was therefore defined as the beginning of
centrosome separation and not by the timing of sister chromatid disjunction.
Quantitation of mitotic stage timing revealed that smc-4(RNAi) and control(RNAi)treated embryos were nearly identical at each stage of mitosis (Figure 43D). Therefore,
the mitotic progression defects resulting from loss of CYB-3 are not due to underlying
chromosome condensation defects. These data support the conclusion that deregulated
kinetochore function is a central factor that affects cell cycle progression in cyb-3(RNAi)
embryos.
The normal mitotic progression in smc-4(RNAi) embryos suggested that
chromosome condensation defects do not activate the SAC. To validate this hypothesis,
embryos treated with control, cyb-3(RNAi), smc-4(RNAi), and hcp-6(RNAi) were fixed
and stained with the 3F3/2 antibody and BUB-1 as a kinetochore marker. In control
embryos, BUB-1 localized to parallel kinetochore stripes and K-Mts (Figure 44). 3F3/2
immunoreactivity was highly cytosolic but was not enriched on metaphase chromosomes
(Figure 44). In stark contrast, cyb-3(RNAi) displayed relatively unstructured BUB-1
stripes, absent K-Mt staining, and robust recognition of metaphase chromosomes by the
3F3/2 antibody (Figure 44). In embryos depleted of SMC-4 and HCP-6, BUB-1 staining
was altered compared to control and parallel kinetochore stripes were not obvious.
However, decreased chromosome condensation in these embryos did not produce the
3F3/2 epitope (Figure 44). These data reveal an important observation: chromosome
condensation defects leading to altered kinetochore architecture do not lead to passive
production of the 3F3/2 epitope. Instead, these results confirm that loss of CYB-3 leads
to kinetochore dysfunction and active production of the SAC-dependent 3F3/2 phosphoepitope.
CYB-3 depletion leads to SAC activation and recruitment of the SAC protein
MDF-2 to kinetochores (Figures 29, 30, and 31). Although metaphase chromosomes in
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Figure 44. Depletion of chromosome condensation factors does not result in the
recruitment of the 3F3/2 epitope to chromosomes
A) Wild-type hermaphrodites were subjected to the indicated RNAi conditions, and their
embryos were fixed and stained with DAPI and antibodies that recognize 3F3/2 and the
kinetochore protein BUB-1. B) Embryos were treated with either vehicle (DMSO) or
Taxol prior to fixation and staining with DAPI and the 3F3/2 antibody. Shown is 3F3/2
staining of single nuclei obtained from stage matched multi-cellular embryos. Scale bars
= 10 µm.
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embryos depleted of SMC-4 and HCP-6 did not display the 3F3/2 tension-specific
epitope, the possibility remained that a MDF-2-dependent SAC pathway was active due
to potential K-Mt defects caused by the loss of chromosome condensation. Live-cell
analysis of embryos expressing GFP::MDF-2 and mCherry::histone H2B revealed that
profound kinetochore recruitment of MDF-2 was exclusive to embryos depleted of
CYB-3 (Figure 45). These data reveal that chromosome condensation defects do not
appear to activate either branch of the SAC.
In a final line of investigation, dynein localization was analyzed by performing
live-cell imaging of embryos expressing GFP::DHC-1 and mCherry::histone H2B.
CYB-3 depletion results in dynein kinetochore retention (Figure 46). On the other hand,
condensin-subunit depletions did not affect dynein localization and the kinetochore
localization of dynein was only visible at metaphase similar to control-treated embryos
(Figure 46). Altogether, these data confirm that the subtle condensation defects resulting
from depletion of CYB-3 are unrelated to kinetochore dysfunction, SAC activation, or
the failure of dynein to translocate from kinetochores.
AIR-2 has increased activity in embryos depleted of CYB-3
The Aurora B kinase corrects K-Mt attachments that do not generate tension,
phosphorylating key kinetochore proteins ultimately leading to the dissociation of
microtubules from the kinetochore (71, 111, 118). C. elegans Aurora B/AIR-2 is
required for proper chromosome alignment and segregation during meiosis and mitosis
(151, 153). The decreased fidelity of prometaphase chromosome congression and the
inability to generate tension between sister chromatids at metaphase alignment suggested
improper K-Mt dynamics potentially related to altered AIR-2 function. To test for
changes in AIR-2 activity, control and cyb-3(RNAi) embryos were fixed and stained with
an antibody recognizing ICP-1/CeINCENP phosphorylated at S598 and S599 (pICP-1)
(Figure 48A) (122). AIR-2/Aurora B phosphorylation of ICP-1 at S598/S599 elicits a
positive feedback increasing AIR-2 kinase activity (115). Immunoquantitation of the
level of pICP-1 associated with chromosomes corresponding to chromosomal passenger
localization revealed that pICP-1 levels were 1.5-fold higher in cyb-3(RNAi) one-cell
embryos compared to control (Figure 48B).
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Figure 45. Chromosome condensation defects do not promote robust MDF-2
kinetochore recruitment
Selected live images of control, cyb-3(RNAi), smc-4(RNAi), and hcp-6(RNAi) embryos
co-expressing GFP::MDF-2 and mCherry::Histone H2B are shown. Time 0:00 = NEB.
Scale bar = 10 µm.
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Figure 46. Dynein is not retained at kinetochores of under-condensed chromosomes
Selected live images of control, cyb-3(RNAi), smc-4(RNAi), and hcp-6(RNAi) embryos
co-expressing GFP::DHC-1 and mCherry::Histone H2B are shown. Time 0:00 = NEB.
Scale bar = 10 µm. The localization of DHC-1 at the anterior (left) bulge in cyb3(RNAi) embryos corresponds to the polar body.
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Figure 47. A model for the influence CYB-3 has on dynein function
During prometaphase, CYB-3 influences the removal of dynein from kinetochores,
perhaps by direct phosphorylation of dynein by CDK-1/CYB-3 complexes. Work in
other model organisms has revealed that a key role of Cdk1 phosphorylation of dynein
light chains is to facilitate cargo binding to dynein. Thus, CYB-3 may also influence
cargo binding to dynein (red circles) to coordinate SAC protein removal from
kinetochores. In the absence of CYB-3 (bottom left diagram), improper regulation of
dynein at kinetochores leads to a propensity for chromosomes to move toward the
minus-end of microtubules by dynein motor complexes and chromosome malorientation.
At the metaphase-anaphase transition, CYB-3/CDK-1 function is required to silence the
spindle assembly checkpoint through dynein mobilization, microtubule binding, and/or
interaction with SAC proteins. The metaphase kinetochore architectural change that
manifests in the absence of CYB-3 likely reflects a tug-of-war between plus-endembedded, load bearing kinetochore-microtubule attachments and dynein-mediated
pulling of chromosomes away from the metaphase plate. Increased AIR-2 activity in
cyb-3(RNAi) embryos may also contribute to chromosome congression defects by
increasing K-Mt turnover.
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Since the loss of CYB-3 resulted in increased AIR-2 activity, we postulated that
overexpression of AIR-2 would enhance the defects caused by a weak or partial
depletion of CYB-3. Previous work revealed that expression of a functional GFP::AIR-2
transgene in C. elegans enhanced the meiotic defects caused by the loss of an AIR-2
inhibitor (LAB-1) but did not alter wild-type meiotic progression (282). Hence,
embryos co-expressing GFP::AIR-2 and mCherry::Histone H2B were treated with either
control (T7) or cyb3-(RNAi) highly diluted with T7 (1:30, see Materials and Methods).
Parallel experiments were performed with embryos expressing GFP::!-Tubulin and
mCherry::Histone H2B. Under these conditions, 88% of cyb-3(RNAi) embryos entered
anaphase (n=8) whereas only 30.8% of cyb-3(RNAi);GFP::AIR-2-expressing embryos
underwent anaphase chromosome segregation (n=13, p=0.005) (Figure 48C). Moreover,
AIR-2 levels on prophase, prometaphase, and metaphase chromosomes were decreased
in cyb-3(RNAi) embryos compared to control, indicating a role for CYB-3 in the
expression or stability of AIR-2, or the targeting of AIR-2 to chromosomes (Figure
48C). These results suggest that increased AIR-2 activity contributes to the metaphase
arrest in the absence of CYB-3.
Phospho-CDK-1 isoforms localize to distinct subcellular regions
Cdk1 activity is influenced by in trans activating and inactivating
phosphorylations. Cdk1 phosphorylated at T161 within the activation loop increase
whereas N-terminal phosphorylations decrease Cdk1 kinase activity (241). T161 is
targeted by Cdk-activating kinase (CAK) while Wee1-related kinases mediate the Nterminal inhibitory phosphorylations (241). The phenotype of cdk-7(RNAi) suggests that
CeCDK-7 is a CAK that activates CDK-1 during meiosis and mitosis (267). The C.
elegans genome encodes three WEE-1 isoforms, and WEE-1.3 is required to prevent
premature oocyte maturation by inhibiting CDK-1 (150). The Cdk1 residues that are
targeted by Wee1 and CAK are conserved in CeCDK-1, indicating that phosphoregulation of cyclin dependent kinases is a conserved mechanism.
To determine the subcellular localization of specific phospho-CDK-1 isoforms,
embryos were fixed and stained with antibodies specific for each post-translational
modification. Active CDK-1 (P-T161) localized to centrosomes and the mitotic spindle
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Figure 48. The activity of AIR-2/CeAurora B is increased in CYB-3 depleted
embryos
(A) Control and cyb-3(RNAi) embryos were fixed and stained with DAPI (blue) and
antibodies specific for !-tubulin (green) and pICP-1 (red). Prometaphase and metaphase
one-cell embryos are shown. (B) pICP-1 prometaphase and metaphase chromosome
staining intensity in control and cyb-3(RNAi) one-cell embryos. Asterisks: p < 0.001.
Prometaphase: control, n = 27; cyb-3(RNAi), n = 51; Metaphase: control, n = 34; cyb3(RNAi), n = 97. Error bars: mean +/- s.e.m. (C) Selected live images of OD57 (first and
third rows) and GFP::AIR-2 and mCherry::Histone H2B expressing embryos (second
and fourth rows) treated with control or diluted cyb-3(RNAi). Time 0:00 = metaphase.
Images just left of 0:00 correspond to NEB, and the left most images PNM. Scale bars =
10 µm.
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throughout mitosis and was nuclear during prophase and late telophase/G1 (Figure 49).
Interestingly, kinetochore localization of active CDK-1 (P-T161) was not observed
(Figure 49). This localization of T161-phosphorylated CDK-1 is consistent with the
spatial regulation of Cdk1 activation in higher eukaryotes in which active Cdk1 first
appears at centrosomes and nuclei (139). Inactive CDK-1 (P-T14, Y15) is similarly
enriched at nuclei during prophase and late telophase/G1 (Figure 50). This phosphoCDK-1 isoform also localizes to centrosomes throughout mitosis but appears more
focused at the centrosome center compared to active CDK-1 (P-T161) (Figure 50).
Strikingly, inactive CDK-1 (P-T14, Y15) localizes to kinetochores at prometaphase and
metaphase (Figure 50). Interestingly, CDK-1 (P-T14, Y15) does not appear to localize
to K-Mts (Figure 50). Although further research is required to determine which
kinetochore layer (i.e. inner or outer) the inactive phospho-CDK-1 isoform localizes to,
the only kinetochore protein that does not display K-Mt immunostaining is HCP-3, the
CENP-A histone H3 variant at centromeres. Hence, the most logical explanation of
CDK-1 (P-T14, Y15) localization is that the kinetochore pool of CDK-1 is largely
inactive and must be targeted to microtubules for CDK-1 activation. Therefore, CYB3/CDK-1 complexes at the kinetochore-microtubule interface may require proper
microtubule dynamics at kinetochores to promote CDK-1 activation and phosphorylation
of critical CDK-1 substrates. This hypothesis is in complete agreement with results
gleaned from studies of S. pombe that indicate that T14,Y15 dephosphorylation and
Cdk1 activation is dependent on proper mitotic microtubule function (245).
Discussion
B-type cyclins in C. elegans have largely non-redundant function
Research in many organisms has suggested functional redundancy amongst Btype cyclins. However, cyclins target Cdks to specific substrates so it is probable that
key Cdk1 phosphorylations will be lost upon the depletion of individual cyclins. Here,
we report that CYB-3 depletion results in profound mitotic defects indicative of a critical
kinetochore function for CYB-3 complexes. The altered morphology of kinetochores
and K-Mts at metaphase, hyperactivation of AIR-2/Aurora B, and decreased function
and failure of dynein and dynein-accessory proteins to move from the kinetochore to the
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Figure 49. CDK-1 that is phosphorylated at T161 (active) localizes to the mitotic
spindle
Wild-type embryos were fixed and stained with DAPI and antibodies that recognize !Tubulin and human Cdk1 phosphorylated at T161. P-T161 is a marker of active Cdk1 in
humans and is conserved in C. elegans CDK-1, although this modification has not been
empirically shown to participate in CDK-1 activation in nematodes. Scale bar = 10 µm.
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Figure 50. P-Y14,15-CDK-1 (inactive) localizes to kinetochores and centrosomes
Wild-type embryos were fixed and stained with DAPI and antibodies that recognize !tubulin and human Cdk1 phosphorylated at T14 and Y15. T14 and Y15 are conserved in
C. elegans CDK-1, although this modification has not been empirically shown to
participate in CDK-1 inactivation in nematodes. Scale bar = 10 µm.
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mitotic spindle suggest that CYB-3 couples the fidelity of K-Mt interactions with
dynein-dependent SAC inactivation.
Immunostaining of cultured human and chicken cells with cyclin B3 antibodies
has suggested that cyclin B3 localizes to the nucleus in interphase and is more nuclearenriched compared to cyclin B1 (283, 284). Staining of C. elegans embryos with a
CYB-3 antibody (270) revealed clear nuclear localization during interphase and mitosis
prior to NEB, and enrichment around metaphase chromosomes reflecting kinetochore
and K-Mt localization (similar to the GFP::CYB-3 staining presented above). Inactive
CDK-1 (P-T14,Y15) showed similar nuclear enrichment during interphase and prophase
but was exclusive to the metaphase kinetochore and was not detected on K-Mts. In
contrast, active CDK-1 (P-T161) localizes to K-Mts and the entire mitotic spindle.
Thus, CYB-3 co-localizes with inactive kinetochore-bound CDK-1 and active CDK-1
associated with microtubules. These data indicate that CYB-3 may associate with
inactive and active CDK-1 but awaits biochemical confirmation.
Altogether, our data demonstrate that CYB-3 plays a non-redundant role in
mitosis by influencing K-Mt dynamics. The next step in further clarifying the molecular
mechanism by which CYB-3 influences K-Mt dynamics, AIR-2 activity, and dynein
functions will be the identification of CYB-3 partners at the kinetochore. Notably,
cyclin B1 harboring a point mutation inhibiting its association with Cdk1 still localizes
to kinetochores, suggesting that cyclin B1 may have Cdk1-independent functions (254).
Therefore, although cyclins are well-known cofactors of cyclin-dependent kinases, the
possibility that cyclins functionally interact with other mitotic partners is an intriguing
question for the future.
CYB-3 influences multiple aspects of the spindle assembly checkpoint
The accuracy of kinetochore interactions with spindle microtubules must be
relayed to the SAC so that anaphase onset does not occur in the presence of incorrect KMt attachments, as these can cause chromosome fragmentation and genome instability
(158, 285). The results presented here reveal that CYB-3 function is required to
maintain ploidy via two mechanisms: generating stable K-Mt attachments and
inactivating the SAC. Both mechanisms may be linked if dynein function is required for
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end-on attachments in additional to its established role in silencing the SAC. K-Mt plusends that are embedded perpendicular to the kinetochore surface (end-on) display less
dynamic instability caused by relatively unknown molecular mechanisms (11).
Interestingly, C. elegans dynein influences the generation of end-on K-Mt attachments
by inhibiting the RZZ kinetochore complex, which antagonizes the switch from lateral to
end-on attachments (286). Hence, decreased dynein function in CYB-3-depleted
embryos may directly interfere with the production of end-on K-Mt attachments that are
a requirement for anaphase.
Human Cdk1 influences SAC inactivation through dynein phosphorylation.
Cdk1-mediated phosphorylation of the dynein light intermediate chain stimulates the
binding of SAC proteins to dynein and their movement away from kinetochores (184).
Cdk1 also influences the kinetochore localization of dynein through intermediate chain
phosphorylation-dependent binding of dynein to the zw10 subunit of the RZZ complex
(287). However, the identity of the cyclin subunit of the Cdk1 complex that mediates
dynein phosphorylation was not verified but was assumed to be cyclin B1. The data
presented here suggest that B3-type cyclins may be dispensable for the kinetochore
localization of dynein, but may have a critical and direct role mediating Cdk1
phosphorylation of dynein subunits to promote SAC inactivation.
The SAC in the C. elegans embryo is not as robust as that in human cells and
only provides a transient checkpoint that is eventually overridden or adapted to.
Embryos treated with the microtubule-destabilizing drug nocodazole or depleted of KMt binding entities at kinetochores only display a transient delay from nuclear envelope
breakdown to anaphase onset (~ 250–300s) (165). In embryos depleted of CYB-3, this
interval is increased to ~ 600s and anaphase segregation does not occur. Besides CYB-3
depletion, the only other condition that leads to a prominent block at metaphase in C.
elegans embryos is suspended animation (288). Suspended animation is a phenomenon
where unfavorable environmental conditions retard the development of an organism for
long durations of time. For example, embryos subjected to an anoxic environment
display a SAC dependent block at metaphase (288). This developmental program is
reversible as shifting embryos to normal oxygen levels reinstates the cell cycle and
anaphase onset (288). Since CYB-3 is required to inactivate the SAC, progression out of
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suspended animation may very well depend on CYB-3 as well. Future investigation of
CYB-3 function related to suspended animation may lead to a better understanding of
exit from this conserved developmental process.
Upregulated AIR-2 activity in the absence of CYB-3
cyb-3(RNAi)-mediated chromosome congression defects and alterations in the
structure of metaphase chromosomes suggest that CYB-3 influences the production of
tension-generating K-Mt interactions, as does the AIR-2/Aurora B kinase. Although
CYB-3-depleted embryos display a modest increase in AIR-2 activity, slight
perturbations in Aurora B pathways can have a dramatic impact on mitosis. For
instance, mutation of a single residue of the S. cerevisiae Ipl1/Aurora substrate Dam1 to
a non-phosphorylatable residue severely compromises chromosome segregation and cell
viability (111). Similarly, mutation of an Aurora B site in the MCAK kinesin results in
severe chromosome segregation defects (112). Thus, the loss of a sole Aurora B
phosphorylation in a single substrate can lead to gross mitotic abnormalities.
Since Aurora B phosphorylation leads to the disassociation of K-Mt attachments,
its activity must be down-regulated at or isolated from tension-producing interactions.
Elegant experiments have recently shown that tension between sister chromatids results
in the spatial sequestration of kinetochore substrates from Aurora B at the inner
centromere (289). These results suggest that Aurora B kinase activity may not be
subject to active down-regulation. Since cyb-3(RNAi) results in “twisted” metaphase
kinetochores, AIR-2/Aurora B targets may traverse the inner centromere and be prone to
phosphorylation. Thus, two events relevant to AIR-2 regulation may occur in cyb3(RNAi) embryos: (i) a subtle increase in AIR-2 kinase activity, and (ii) an alteration in
metaphase kinetochore architecture leading to increased phosphorylation of AIR-2
kinetochore targets. Whether these two molecular changes are linked is an important,
outstanding question.
We posit that the morphological changes in cyb-3(RNAi) metaphase kinetochores
are the result of aberrant K-Mts interactions and increased microtubule turnover due to
AIR-2 hyperactivation. K-fibers were resistant to cold treatment in control and cyb3(RNAi) embryos, suggesting that kinetochores are attached to K-Mts under both
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conditions (data not shown). K-Mt attachment is also supported by anaphase
chromosome segregation when the SAC is compromised. Therefore, the absence of
kinetochore tension in CYB-3 depleted embryos may reflect either inappropriate K-Mt
attachments or an inability to maintain tension-producing K-Mt interactions. An
alternative explanation for the altered architecture of metaphase kinetochores is the
inability of kinetochore proteins to translocate to K-Mts, leading to their accumulation at
kinetochores. The Ndc80 complex is one of several complexes responsible for the K-Mt
attachment (71), and is regulated by Aurora B phosphorylation (111, 290). Thus, if
Ndc80 components were unable to localize to K-Mts in CYB-3 depleted cells, the
sustained proximity of this complex with AIR-2 may lead to increased phosphorylation
and high rates of microtubule turnover.
CYB-3 potentially regulates dynein function throughout mitosis
The cyb-3(RNAi) phenotype is strikingly similar to that of Drosophila S2 cells
treated with spindly(RNAi) (167). Like cyb-3(RNAi), Spindly-depleted cells undergo a
SAC-dependent metaphase arrest characterized by bundled spindles that are pinched at
the centrosomes. These cells also fail to silence the spindle checkpoint. However,
unlike CYB-3, Spindly is required for the kinetochore localization of dynein (167). C.
elegans Spindly (SPDL-1) is also required for dynein localization to the kinetochore but
is necessary for SAC signaling, acting as a kinetochore-targeting protein for MDF1/Mad1 and MDF-2/Mad2 (166, 286). Human Spindly is also required for dynein
kinetochore recruitment but is not required for SAC activation or the removal of Mad2
from aligned chromosomes (291). Interestingly, inhibition of dynein activity prevented
Mad2 removal and SAC silencing in hsSpindly-depleted cells, suggesting that
kinetochore recruitment is not necessary for dynein-dependent quenching of the SAC
(291). Our results show that dynein, dynein-regulatory proteins, and SAC components
all accumulate on cyb-3(RNAi) metaphase kinetochores but do not appear to transfer to
K-Mts or to centrosomes. Therefore, unlike Spindly, CYB-3 is not required for
kinetochore targeting, but rather may be affecting the minus-end directed motor activity
of dynein or its association with microtubules.
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The research presented here has focused on prometaphase and metaphase
abnormalities in the near absence of CYB-3 and suggest that altered dynein function
may be a key contributing factor. However, subtle defects in two prophase events occur
in embryos depleted of CYB-3. Firstly, the paternal pronucleus of wild-type embryos
moves anteriorally away from the posterior cortex during pronuclear migration (PNM).
Dynein-mediated pulling forces at the cell cortex mediate this movement (78). In cyb3(RNAi) embryos, the paternal pronucleus does not migrate away from the posterior
cortex. Therefore, PNM in CYB-3-depleted embryos occurs at the posterior cortex and
not ~ 15 microns from the cortex. Secondly, dynein is a conserved regulator of
centrosome separation and influences C. elegans spindle rotation during prophase (78).
In C. elegans, loss of dynein function perturbs centrosome separation and the association
of centrosomes with the maternal pronucleus (78). In cyb-3(RNAi) embryos, centrosome
movement on the maternal pronucleus and spindle rotation are abnormal (data not
shown). However, the spindle apparatus in cyb-3(RNAi) embryos eventually aligns with
the A-P axis and is asymmetrically localized to the embryo posterior as in wild-type. In
conclusion, CYB-3 appears to influence dynein-dependent processes at all stages of
mitosis, most strikingly SAC silencing.
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Summary
The proper development of organisms and the maintenance of cellular ploidy in
adult somatic cells both require proper chromosome segregation. Chromosome
segregation demands a variety of chromosome-based processes including condensation,
kinetochore attachment to spindle microtubules, and a checkpoint that monitors the
attachment state of kinetochores to the spindle. These studies utilized two model
organisms to glean better insight into TLK-1 function during mitosis. First, TLK-1mediated AIR-2 activation was proven to be independent of TLK-1 kinase activity.
Subsequently, a tethered-catalysis yeast two-hybrid screen was conducted with a bait
chimera harboring a fragment of TLK-1 containing a critical residue that is
phosphorylated by AIR-2. The results of this screen uncovered a wide range of potential
TLK-1 interactors including proteins involved in transcription and mitosis. Further
investigation revealed that CYB-3 interacts with TLK-1 phosphorylated at T610 and
binds conserved RXL motifs of TLK-1. The conservation of the cyclin-box fold-binding
RXL motifs indicate that Tousled homologs may also interact with cyclins to influence
Cdk activity during the cell cycle.
The data presented in the previous chapter reveal that CYB-3 is required for the
fidelity of chromosome congression and silencing the SAC. This work revealed that
dynein activity is decreased in embryos depleted of CYB-3 suggesting that the
regulation of dynein by cyclin/Cdk1 is a conserved mechanism. In light of the
interaction between CYB-3 and TLK-1 identified in Chapter 3, increased AIR-2 activity
in CYB-3-depleted embryos may reflect the inability to remove TLK-1 from
kinetochores via dynein transport. TLK-1 at the kinetochore may positively regulate
AIR-2 activity to degenerate K-Mt attachments resulting in persistent SAC activation.
Taken together, these results indicate that CYB-3 function is crucial to maintain
chromosomal stability by influencing the generation of proper K-Mt attachments that
guarantee chromosomes remain intact during anaphase segregation.
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Hypotheses to be tested in the future
Given the broad scope of these projects, the work presented here offer support
for several conclusions regarding TLK-1 and CYB-3 function during C. elegans
embryogenesis. However, just as many questions have surfaced as conclusions have
been drawn. This section highlights several questions evoked from my experimental
conclusions. The questions are posed as testable hypothesis and strategies are offered in
an attempt to guide future investigations.

Does TLK-1 influence transcription by binding and influencing cyclin
H/Cdk7 complexes?
Tousled kinase is unique in that it is highly expressed and active during S-phase
but also has important mitotic functions that are likely independent of its own activity.
The discovery that TLK-1 interacts with CYB-3 opens up the possibility that hTlk1
interacts with cyclins during S-phase when tlk1 expression and kinase activity is
maximal. Binding and functional assays should be pursued to determine if TLK-1
kinase activity influences CYH-1/CDK-7-mediated phosphorylation and activation of
RNA pol II. Since hTlk1 binds and phosphorylates the chromatin assembly factor Asf1
(127), it will be interesting to determine if nucleosome eviction by ASF-1 is influenced
by TLK-1 to mediate efficient RNA pol II transcription. Lastly, CYH-1/CDK-7 may be
an S-phase TLK-1-activating kinase similar to the activation of TLK-1 kinase activity by
AIR-2 in vitro (123). It should be determined whether TLK-1 is directly phosphorylated
by CDK-7 and if TLK-1 kinase activity toward ASF-1 is increased. Since the in vitro
functionality of Asf1 phosphorylation by human Tlk1 remains enigmatic, identifying
Tlk1 sites phosphorylated by Cdk7 may offer mechanistic insight into Asf1 regulation
by Tlk1.
The screen described in Chapter 3 and our previous work (133) revealed several
potential links between TLK-1 and the transcriptional machinery involving RNA pol II.
Since cyclin H/Cdk7 is a transcriptional activator (292) and TLK-1 has cyclin binding
motifs, TLK-1 may influence transcriptional events through binding cyclin H to
influence Cdk7 activity. Our previous results suggested that RNA pol II CTD
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phosphorylation, a read-out of its transcription activity, is decreased in tlk-1(RNAi)
embryos. However, a direct molecular link between TLK-1 and RNA pol II was not
studied. Therefore, the loss of RNA pol II activity in tlk-1(RNAi) embryos may reflect
decreased cyclin H (CYH-1)/Cdk7 (CDK-7) activity. To test this, the phenotypes that
result from singular or combined tlk-1(RNAi); cyh-1(RNAi) depletions will reveal if
TLK-1 functions in the same or a parallel pathway for CDK-7 activation.

How is CHK-1 activated and regulated during mitosis?
My data suggest that CHK-1 is active during mitosis as evidenced by phosphoCHK-1 localization to the mitotic spindle. Active CDK-1 also localizes to the mitotic
spindle. The results presented in Chapter 3 indicate that CHK-1 phosphorylates TLK-1
at T610 to promote CYB-3/CDK-1 binding. Therefore, TLK-1 may serve as a platform
for CHK-1 and CYB-3/CDK-1 signaling to promote SAC silencing when microtubules
are correctly attached to kinetochores. This mechanism may be especially crucial for
holocentric chromosomes that likely rely on tension-generated changes in microtubule
dynamics and/or structure as a prerequisite for SAC silencing. Accumulating evidence
suggests that monocentric sister centromeres and kinetochores are stretched concomitant
with the generation of tension (273). However, holocentric chromosomes are relatively
stiff, bar-like structures that do not exhibit robust tension-generated separation of sister
centromeres or kinetochores (38). Therefore, I propose that changes in microtubule
dynamics or rigidity is a key readout of spindle tension at metaphase and therefore
speculate that CHK-1 and CDK-1 activity at prometaphase and metaphase correlates
with the fidelity of K-Mt attachments.
If CHK-1 and CDK-1 activity is linked to mitotic microtubule dynamics, what is
a good experimental approach to determine the validity of this assumption?
Immunostaining embryos treated with nocodazole or taxol with P-CHK-1 and P-CDK-1
antibodies might give some indication of changes to their catalytic activity. However,
fixed embryo analyses would not reveal the temporality of kinase activity changes.
Also, these specific phosphorylation sites in CHK-1 and CDK-1 may be poor indicators
of their kinase activity. To determine the spatial and temporal changes of CHK-1 and
CDK-1 kinase activity elicited by altered K-Mt dynamics, an in vivo approach similar to
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the method used to monitor aurora B activity in human cells should be performed (187,
293). This method uses a phosphorylation-sensitive fluorescent sensor to determine the
in vivo catalytic activity of kinases.
The fluorescence intensity of phosphorylation sensors depends on the efficiency
of intramolecular energy transfer between CFP and YFP in the sensor (187). The CFP
and YFP moieties are separated by the substrate and an FHA2 phospho-threonine
binding domain (293). Therefore, phosphorylation of the substrate results in
intramolecular FHA2 domain binding and emission of lower wavelengths of the sensor
(293). The substrate peptide used in the Aurora B and Plk1 sensors were ~ 13 amino
acids in length. Therefore, the CHK-1 and CDK-1 sensors should contain a short region
of known substrates that contain the consensus sequence [(K/R)-X-X-T)] and [T-P],
respectively. The mitotic spindle localization of CHK-1 and CDK-1 suggest that an
untargeted, cytosolic sensor may be suitable for determining the influence microtubule
dynamics have on kinase activity. However, the sensor can be tethered to a histone
protein and targeted to chromosomes to determine kinase activity at the centromere and
kinetochore. The sensor constructs can be introduced into C. elegans to obtain
transgenic animals for live-cell imaging. The specificity of the sensors for CHK-1 and
CDK-1 phosphorylation could be confirmed via RNAi-depletion of the kinases and their
positive regulators.

Does TLK-1 contribute to the cyb-3(RNAi) phenotype?
The data presented in Chapter 4 reveal multiple mitotic defects in embryos
depleted of CYB-3 during the first embryonic divisions. The results from Chapter 3
suggest that TLK-1 and CYB-3 interact during mitosis. However, embryos depleted of
TLK-1 do not display mitotic defects until the ~ 16 cell stage. At this stage, tlk-1(RNAi)
results in prometaphase and metaphase delays due to SAC activation. Therefore, the
functionality of this interaction remains inconclusive given the distinct phenotypic
severity caused by cyb-3(RNAi) and tlk-1(RNAi). The pleiotropic mitotic alterations
exhibited in cyb-3(RNAi) embryos suggests that TLK-1 likely modulates one or a few
CYB-3-related functions. To molecularly assign the contribution TLK-1 has on CYB-3
function, genetic interactions between tlk-1 and cyb-3 should be explored. Since TLK-1
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activates AIR-2, increased AIR-2 function in cyb-3(RNAi) embryos may reflect AIR-2
activation by TLK-1 due to metaphase kinetochore architectural changes. If increased
AIR-2 activity destabilizes K-Mt attachments in embryos depleted of CYB-3, codepleting TLK-1 may bring AIR-2 activity closer to wild-type levels and stabilize K-Mt
attachments. Therefore, live-cell imaging may reveal partial suppression of the
prometaphase defects in cyb-3(RNAi) embryos co-treated with tlk-1(RNAi). To
determine if the suppression is due to dampened AIR-2 activity, embryos can be fixed
and stained with AIR-2 phospho-substrate antibodies. Alternatively, performing livecell imaging with transgenic animals expressing an AIR-2 phosphorylation sensor would
discern changes in AIR-2 activity in more precise terms.
Finally, Chapter 3 revealed that TLK-1 phosphorylated at T610 binds CYB-3.
Thus, modification of TLK-1 at T610 may influence CYB-3/CDK-1 function. To
determine the in vivo consequence of TLK-1 T610 phosphorylation, transgenic animals
expressing GFP-tagged TLK-1(T610A) and TLK-1(T610E) mutants will reveal if PT610 alters the localization or function of TLK-1 and/or CYB-3.

What subunits of dynein are regulated by CYB-3/CDK-1-mediated
phosphorylation?
The results presented in Chapter 4 suggest that CYB-3 positively influences
dynein activity. Although preliminary co-immunoprecipitation experiments revealed
that dynein and CYB-3 may associate in vivo, the dynein subunit(s) that mediate this
interaction are unknown. As the dynein complex consists of 13 subunits, educated
guesses of the subunits that may interact with CYB-3 would facilitate a molecular
understanding of CDK-1-mediated dynein regulation. Firstly, mammalian Cdk1
phosphorylates the dynein light intermediate chain to influence dynein function (184).
Therefore, C. elegans dynein light intermediate chains may be subject to CDK-1
phosphorylation. Secondly, the published research and the work presented in Chapter 3
indicate that RXL motifs interact with the cyclin-box fold domains of cyclins. For
instance, cyclin A binds RXL motifs of Rb to promote Cdk1 phosphorylation of Rb at
[(S/T)/P] residues and entry into the cell cycle (229). Therefore, dynein subunits that
interact with CYB-3 are expected to have RXL motifs and contain (S/T)/P residues for
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CDK-1 phosphorylation. Interestingly, 8 dynein subunits have at least one (and up to
three) RXL motifs and all but DYBR-1 have at least one potential Cdk1 phosphorylation
site (Table 2). Out of the 5 subunits that do not have RXL motifs, only DYLT-2 has a
Cdk1 site. The other 4 have neither RXL motifs nor Cdk1 phosphorylation sequences
suggesting the coexistence of RXL motifs and [(S/T)/P] sequences in most dynein
subunits. Therefore, DYCI-1 and DLI-1 are the most likely CYB-3-interacting dynein
intermediate light chains and should be prioritized as potential CYB-3/CDK-1
substrates.
Once the dynein subunits that bind CYB-3 are identified, it will be critical to
determine the residue(s) targeted by CDK-1 phosphorylation. The residue(s) of the
dynein light chain(s) that are phosphorylated by CDK-1 may be efficiently revealed by
in vitro kinase assays given their small size and predictable CDK-1 phosphorylation sites
(Table 2). Alternatively, a quantitative mass spectrometry approach such as the SILAC
technique (294) would reveal the CDK-1 phosphorylation sites that could subsequently
be verified by in vitro and in vivo techniques. One key approach will be to raise
phospho-specific antibodies to determine the spatial and temporal phosphorylation of
dynein by CDK-1. We hypothesize that CYB-3 provides the substrate specificity of the
CYB-3/CDK-1 complex toward dynein. Therefore, the immunoreactivity of the
phospho-dynein antibody should be decreased in embryos treated with cdk-1(RNAi) and
cyb-3(RNAi) but not cyb-1(RNAi). It will also be vital to determine how dynein
phosphorylation is affected by altered K-Mt dynamics. In this line of investigation,
embryos treated with nocodazole or depleted of kinetochore microtubule interactors will
reveal if dynein phosphorylation by CDK-1 is influenced by the state of K-Mt
attachment. Moreover, the generation of transgenic animals expressing fluorophoretagged phospho-null or phospho-mimetic dynein subunits will determine the in vivo
consequence of CDK-1 phosphorylation of dynein.
!

Impacts from these studies
The research presented here has offered key insight into mechanisms governing
chromosome segregation during C. elegans embryogenesis. Two critically important
perspectives can be drawn from this research. Firstly, I have identified candidate TLK-1
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interactors that may be involved in transcriptional events by regulating RNA pol II and
chromatin assembly factor function. Asf1 is the only known Tlk1 substrate, so the
discovery of additional S-phase TLK-1 substrates will lead to a better understanding of
Tousled function related to chromatin. Secondly, my research has revealed that the
orphan B-type cyclin CYB-3 influences many aspects of dynein function especially
dynein-dependent silencing of the SAC.
Until now, B3-type cyclins have not been adequately characterized in any
organism perhaps due to cyclin b3 expression predominantly in mouse and human
spermatocytes (264). However, the profound influence CYB-3 has on SAC silencing
through dynein regulation suggests that the cyclin b3 family has unrecognized crucial
functions. Research performed with mouse models and human neoplastic tissues has
confirmed that the spindle assembly checkpoint is required to maintain chromosome
stability during development and in dividing adult somatic cells (1). The deletion of one
MAD2 allele in human cancer cells and murine primary embryonic fibroblasts results in
defective SAC signaling and chromosome missegregation, while Mad2+/- mice develop
lung cancers (295). Also, sequencing of BUB1 from 19 independent colorectal cell lines
revealed a variety of mutations in the cancer but not adjacent wild-type cells that cause
premature exit from mitosis (296). However, the inability to silence the SAC may be as
detrimental to changes in ploidy and tumor onset. Mad2 overexpression in mice induces
chromosome instability, aneuploidy, and tumor growth in a wide range of tissues (297).
Importantly, Mad2 overexpression is common in human tumors and is associated with
poor prognosis (297). CYB-3 influences the generation of stable K-Mt attachments and
stimulates dynein-dependent SAC silencing. Therefore, decreased cyclin b3 levels in
cancer cells may eliminate SAC silencing leading to the absence of sister chromatid
separation and massive changes in ploidy. Increased cyclin b3 levels may inactivate the
SAC by facilitating dynein-dependent silencing and may phenocopy MAD2 and BUB1
loss-of-function phenotypes (295, 296). Lastly, searching for aberrant cyclin B3
expression in human tumors by using the ONCOMINE database that contains
microarray gene expression profiles (http://www.oncomine.org/) (298) revealed some
interesting results. The expression level of cyclin B3 in many cell lines including Aaboe
(bladder) and Adib (ovarian) has not been measured. In fact, cyclin B3 expression was

199

the only cyclin out of twenty (including cyclins A, D, E, F, and B1 and B2) that was not
analyzed. However, the Adai cell lines revealed increased cyclin B3 expression in breast
carcinoma, bronchioloalveolar carcinoma, large cell lung carcinoma, and non-small cell
lung carcinoma among others. These revelations indicate that changes in cyclin b3
protein level or function in cancer cells remains an outstanding and important area of
future investigation.
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CHAPTER SIX: MATERIALS AND METHODS
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Chapter Two
Yeast Strains, Plasmids, and Growth Conditions
Yeast strains used in this study were: SBY1730 (ura3-1, leu2-3,112, his311pCUP1GFP12-Lac12:HIS3, trp1-1 256lacO:TRP1, lys2^, bar1, can1-100, ade2-1,
IPL1-myc13:KAN)(from S.Biggins, Fred Hutchinson Cancer Center, Seattle,WA),
DBY5301 (a ade2, his3-! 200, ura3-52, leu2!101::URA3::leu2!102,lys2!101
::HIS3::lys2-!102ipl1-2) and DBY4962 (a corresponding isogenic wild type strain to
DBY5301), CCY914-10D (a ura3-52, lys2-801, his3-d200, leu2-3,112, ipl1-1) and
CCY914-6B (corresponding isogenic wild type strain to CCY914-10D but alpha mating
type). The DBY and CCY strains were provided by C. Chan, University of Texas at
Austin. Yeast were propagated according to standard procedures in either rich media
(YPD) or appropriate selective media (SC).
The entire coding sequences of C. elegans TLK-1 (C07A9.3), ICP-1
(Y39G10AR.13), and AIR-2 (B0207.4) were cloned into Xba I and Not I sites of the
yeast expression vectors pYC2NTB or pYESNTB (Invitrogen, Carlsbad, CA) to create
translational fusions with a 5’ V5 epitope tag. TLK-1 mutants (S634A, S634E, and
kinase-dead (KD) (D802A)) were PCR amplified from previously described constructs
(20) and subcloned into the Xba I and Not I sites of pYC2NTB or pYESNTB. The
construction of GST-ASF-1 was described previously (20). All constructs were verified
by automated DNA sequencing (MDACC DNA Analysis Core Facility (M. D. Anderson
CCSG Grant, NCI CA-16672(DAF)).
Immunoprecipitation and western blotting
Cell extracts were prepared from 500 ml cells grown in –ura media + 2%
galactose for 6 hr to induce V5-TLK-1 expression (from a starting OD600 of 0.4). Cells
were collected by centrifugation, washed once with water, and resuspended in 5 ml lysis
buffer (50 mM Tris 8.0, 150 mM NaCl, 0.1% Triton-X100, 1 mM PMSF). Cell
suspensions were flash frozen in liquid nitrogen and ground into powder in a coffee mill
with dry ice. After thawing on ice, cellular debris was pelleted by centrifugation at 5000
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g for 10 min. Supernatants were then clarified by incubating with 100 ul Protein G
Sepharose (GE Healthcare, Piscataway, NJ) at 4°C for 1 hr. V5-TLK-1 was then
immunoprecipitated (IPed) with 2 ug monoclonal V5 antibody (Invitrogen) at 4°C
overnight. V5-TLK-1 immunoprecipitates (IPs) were isolated by adding 25 ul Protein G
Sepharose at 4°C for 2 hr. Bound material was washed five times with lysis buffer, and
resuspended and boiled in 25 ul loading buffer. Proteins were resolved by 10% SDSPAGE and transferred to nitrocellulose. The membranes were blocked for 30 min in
Tris-buffered saline (TBS) supplemented with 0.1% Tween 20 and 2% BSA, followed
by overnight incubation with the antimyc mouse monoclonal 9E10 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) at a final dilution of 1/1000. After incubation with
antimouse horseradish peroxidase-conjugated secondary antibodies (Biorad, Irvine, CA),
proteins were detected by chemiluminescence (GE Healthcare). Following detection of
myc-Ipl1 with an anti-myc monoclonal 9E10 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), membranes were stripped (2.2 M glycine pH 4.0, 0.5 M NaCl) and reprobed
with the anti-V5 antibody at a final dilution of 1/5000.
Kinase Assays
IP of V5-TLK-1 was performed as above. Concurrently, myc-Ipl1 was IPed from
parallel cultures with 1 ug anti-myc antibody at 4°C overnight. Myc-Ipl1 IPs were
isolated and washed as above for V5-TLK-1 IPs. After the final wash, a 27 1/2 gauge
needle was used to remove all traces of wash buffer from the Protein G Sepharose
pellets. V5-TLK-1 IPs were then resuspended in 20.5 ul kinase reaction buffer (20 mM
HEPES (pH7.6), 5 mM EGTA, 1 mM DTT, 25 mM "-glycerophosphate), whereas the
myc-Ipl1 IPs were resuspended in 60 ul of the same buffer. Increasing amounts of the
myc-Ipl1 IPs were transferred to individual tubes and the final volumes adjusted to 20.5
ul by addition of kinase buffer. 500 ng myelin basic protein (MYBP; Sigma, St. Louis,
MO) and a cocktail of 30 uCi [3 Ci/umol] [#-32P], 10 nM cold ATP, and 7.5 mM
magnesium chloride were added and each reaction incubated at RT for 15 mins. The
samples were boiled in loading buffer, separated by SDS-PAGE, transferred to
nitrocellulose, and [32P] incorporation into MYBP assessed by phosphoimaging. MYBP
protein loading was determined by Ponceau S staining (Sigma). Western blotting with
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anti-V5 and anti-myc antibodies was performed as above. Phosphorylation of GSTASF-1 was assayed by IP of V5-TLK-1 and V5-TLK-1KD as above followed by kinase
assays with GST-ASF-1 substituted for MYBP. [32P] incorporation into GST-ASF-1 was
assessed by phosphoimaging and GST-ASF-1 protein loading by Ponceau S staining
(Sigma).
Kinase-Assay Quantitation
[32P] incorporation into myelin basic protein (MYBP) (as visualized by
phosphoimaging) and MYBP, V5-TLK-1, and myc-Ipl1 loading (as visualized by
western analysis and chemiluminescence or Ponceau S staining) were measured with
KodakID3.1 quantification software (Eastman Kodak, Rochester, NY). Phosphorylation
of MYBP by Ipl1 in the presence of V5-TLK-1 was calculated as [((32P-MYBP)/MYBP
load (LD)) – (32P-MYBP for vector alone/MYBP LD))/myc-Ipl1 LD] X (Avg. V5
LD/V5 LD per lane). Phosphorylation of MYBP by Ipl1 in the absence of V5-TLK-1
was calculated as ((32P-MYBP)/MYBP LD)/myc-Ipl1 LD.

Chapter Three
Plasmids construction
The entire coding sequence of AIR-2 (excluding the stop codon) was subcloned
into the EcoR1 and Sal1 MCS of pAS2.1 to create an N-terminal fusion with a Gal4
DBD. TLK-1 (1810 – 1992) with a C-terminal HA tag and 5’ Sal1 and 3’ Pst1 sites was
generated by PCR from previously described constructs (123) and subcloned into AIR2::pAS2.1 to generate the bait construct for the Y-2-H screen. Site-directed mutagenesis
was utilized to generate the S/T ! A and RXL ! LXR constructs. All constructs were
verified by automated DNA sequencing (MDACC DNA Analysis Core Facility (M. D.
Anderson CCSG Grant, NCI CA-16672(DAF)).
Yeast two-hybrid screening procedure
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Strain pJ694a (299) transformed with the Wt-S construct was grown in 5 ml –trp
medium O/N at RT. Culture was diluted in 50 ml –trp and grown O/N at RT. Next a.m.,
cultures were diluted to OD600 = 0.35 in 125 ml YPD, grown 4 hr at 30°C, and
centrifuged 5,000 rpm for 10 min. Pellet was washed with 100 ml sterile water,
centrifuged, R/S in 12.5 ml LiSORB, and nutated at 30°C for 30 min. Yeast were
pelleted, R/S in 156 µl LiSORB, and put on ice. Carrier DNA was prepared by boiling
100 µl SS DNA (10 mg/ml) for 5 min. 150 µl LiSORB was added to the SS DNA,
mixed by pipetting, cooled to RT, and 10 µg of the C. elegans cDNA pACTII library
(obtained from Caldwell lab) was added. 75 µl DNA mixture was added to 100 µl yeast
in each of three eppendorf tubes and nutated 30 min at 30°C. Cells were pooled and
washed twice with 1 ml sterile water. Pellet was R/S in 1.5 ml –leu, -trp, -his medium
and plated on (5) 150 mm –leu, -trp, -his plates (300 µl each). Colonies for further
analysis were obtained from plates after incubation at 30°C for 5 days.
DNA was isolated from colonies that grew on –leu, -trp, -his medium (after
growth in –leu liquid medium to select for the prey pACTII plasmid) and was
electroporated into DH5! cells. Three colonies from each DH5! plate were mini-prep’d
and the DNA was used for PCR analysis with primers JMS 311 and JMS 545 to
guarantee the absence of the bait construct. DNA preparations that did not contain the
bait construct were cut with XhoI O/N to assess band migration during agarose gel
electrophoresis. DNA isolated from three bacterial colonies from the same plate was
expected to display similar-sized restriction fragments. However, if one of the three
restriction digestions displayed unique bands, the constructs were considered unique and
treated as independent potential bait interactors. pJ694a was co-transformed with
pAS2.1 or Wt-S::pAS2.1 and the potential bait interactor constructs for the second round
of screening.
Yeast transformation for plate-spot assays
Yeast were transformed by the Lithium Acetate procedure. 5 ml O/N culture was
centrifuged in a 50 ml conical at 3500 rpm for 10 min. Yeast pellet was washed with 25
ml sterile water, centrifuged as above, R/S in 1 ml sterile water, transferred to 1.5 ml
eppendorf tubes, and centrifuged at 6,000 rpm, 1 min. Pellet was R/S in 1 ml of 1X
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LiAc/TE (made from 10X LiAc and 10X TE recipes below) and centrifuged at 6,000 g,
1 min. Pellet was R/S in 250-500 µl 1X LiAc/TE (corresponding to 50 µl per
transformation, with 5-10 transformations respectively) and 50 µl yeast were allocated to
eppendorf tubes. ~ 1 µg (in 1-8 µl) transforming DNA and 16 µl SS carrier DNA
(Salmon sperm DNA (10 mg/ml); boil 5 min followed by 2 min incubation on ice prior
to addition) were added to yeast suspension and mix by flicking. 600 µl PEG/LiAc/TE
(960 µl 50% PEG, 120 µl 10X LiAc, 120 µl 10X TE) was added and gently R/S by
pipetting. Tubes were incubated at RT for 2.5 – 3 hr, followed by centrifugation (6,000
g) and two washes with 1 ml sterile water. Pellets were R/S in 250 µl sterile water and
plated on the appropriate medium. 10X Lithium Acetate: 1M, pH 7.5; 10X TE: 100mM
Tris pH 7.5, 10 mM EDTA; 50% PEG (3500-4000). 100 µl 10X TE, 100 µl 10X LiAc,
and 800 µl sterile water were mixed to make 1ml of 1X LiAc/TE.
Plate spot assays
Yeast were grown in 5 ml of appropriate selective medium 2 O/N at RT. Cell
cultures were diluted 1:100 (2 µl O/N culture + 198 µl water) and spotted on a
hemocytometer to count cell number (Z). A sterile 96-well PCR plate was used for the
following dilutions. The initial dilution was (4000/Z) + sterile water to 200 µl. Cells
were diluted 1:5 (with sterile water) from the initial dilution with a multi-pipettor. 3 µl
from each dilution were spotted on the appropriate medium. Plates were incubated at
30°C for 3 days (his+ medium) or 5 days (his- medium).
Immunoprecipitation
5 ml –trp cultures grown O/N at RT in a 50 ml conical were diluted in 50 ml –trp
and grown O/N. The OD600 was determined and cultures were diluted to 0.4 in 125 ml –
trp medium. Cultures were incubated at 30°C for 4 hr followed by centrifugation at
12,000 rpm for 10 min. Pellets were washed with 50 ml water, R/S in 5 ml lysis buffer
(as Chapter 2, but including the following 10X phosphatase inhibitor cocktail (diluted to
1X with lysis buffer): 375 mM sodium pyrophosphate, 1 M sodium azide, 1 M sodium
fluoride, 50 mM sodium orthovanadate, 1 M #-glycerophosphate)). 1,500 µg of protein
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extract in 1 ml total volume (diluted with lysis buffer) and 1 µg of a purified TLK-1 PS634 antibody was used for O/N precipitation. Western analysis was performed with a
polyclonal HA antibody (HA.11, Covance, Berkeley, CA).
In vitro phospho-peptide binding assays
Phospho-TLK-1 peptides (40 residues H604 – D643) with biotin conjugated at
the N-terminus were generated (Small Scale Peptide Synthesis, W.M. Keck
Biotechnology Resource Center, Yale U, New Haven, CT). 10 mg (~1/6 of product
received) was dissolved in 1 ml TEN (10 mM Tris pH 7.5, 1 mM EDTA, 1 M NaCl) to
give a 10 µg/µl peptide stock. The pH was very acidic and NaOH was added to obtain
pH 7-8. 1 µl peptide stock was diluted with 49 µl PBS and incubated with 20 µl (50/50
slurry) Ultralink Immobilized Streptavidin resin (Pierce; Rockford, IL) O/N at 4°C on
360° tube rotator. Beads were pelleted (6000 g) and washed twice with PBS. 10 µl
CYB-3 (~ 500 ng) expressed and purified from E. coli (MBP tag cleaved with TEV
protease site between MBP and CYB-3 coding sequence) was incubated with 20 µl
immobilized peptides diluted with 480 µl TEN150 (150 mM Nacl) on a nutator for 30
min at RT. Beads were pelleted, washed 4 times with 500 µl TEN150 (each wash on ice
for 2 mins followed by brief slow centrifugation), and R/S in 15 µl 5X protein loading
buffer for subsequent western analysis with the CYB-3 antibody used in Chapter Four.
Kinase assays
The assay conditions were similar to Chapter Two, except recombinant protein
was used and the total reaction volume was 22.5 µl. 5 µl recombinant active human
CHK1 (500ng) (Active Motif) and MBP::TLK-1 peptide (23 residues from H604 –
H626) was used for the Chk1 kinase assays. 5 µl of AIR-2/ICP-1 purified from E. coli
polycistronic expression and full-length MBP::TLK-1 was used for the AIR-2 kinase
assays.
Immunostaining
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Immunostaining was performed as Chapter Four. Phospho-Chk1 (Ser345) (Cell
Signaling cat no 2341) was used at 1:250. Purified P-S634 and P-T610 antibodies were
used at 1:500.

Chapter Four
C. elegans strains
C. elegans strains were maintained at 15°C as described (300). The following strains
were used: N2 (wt), OD57 (GFP::!-tubulin; mCherry::Histone H2B) (301), OD110
(GFP::MDF-2; mCherry::Histone H2B) (154), OD203 (GFP::DHC-1; mCherry::Histone
H2B) (286), OD204 (GFP::DNC-2; mCherry::Histone H2B) (286), OD11 (GFP::KBP-4)
(286), TH32 (GFP::"-tubulin; GFP::Histone H2B), and dhc-1(or195ts) (Strome 2005).
To create the GFP::AIR-2; mCherry::Histone H2B strain (JS713), WH371 (GFP::AIR2) (122) and OD56 (mCherry::Histone H2B) strains were crossed and animals
homozygous for both transgenes were isolated. The same method was used to create the
GFP::HCP-3; mCherry::Histone H2B strain (JS967) by crossing OD101 (GFP::HCP-3)
(56) and OD56 (mCherry::Histone H2B) animals.
RNAi-Mediated Interference (RNAi)
RNAi plasmids CYB-3, MDF-1, SAN-1, BUB-1, and DYLT-1 were obtained
from the Geneservice Ltd. C. elegans feeding library (302). The L4440 RNAi vector
(T7) was used as an RNAi control. To deplete CYB-3 alone, a 3 ml LB + 100 µg/µl
ampicillin liquid culture was seeded with a single colony of HT115 bacteria transformed
with the cyb-3(RNAi) L4440 plasmid and shaken overnight (O/N) at 37°C . The next
day, the O/N culture was expanded to 50 ml with the same media and grown for ~ 2 hrs
until the OD600 of the culture was between 0.6 – 0.8. IPTG was added to a final
concentration of 1mM and the culture was grown an additional 3 hrs at 37°C to induce
cyb-3 dsRNA expression. The culture was then centrifuged at 5000 rpm for 10 mins,
and the pellet was resuspended (R/S) in 800 µl LB. 200 µl of the R/S pellet was plated
on nematode growth (NG) plates containing 100 µg/µl ampicillin and 3 mM ITPG
(NG/AMP/IPTG). Plates were incubated at 37°C O/N and then seeded with L4 larvae.
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Seeded plates were incubated at 25°C overnight and young adult worms were utilized for
experiments.
To co-deplete CYB-3 and MDF-1, SAN-1, or BUB-1, the induction conditions
were as described above. However, after R/S the pellets in 800 µl LB, 200 µl of each
R/S pellet (i.e. cyb-3 and mdf-1 dsRNA-expressing bacteria) were thoroughly mixed and
transferred to NG/AMP/IPTG plates, incubated at 37°C O/N, and then seeded with L4
larvae. To generate dilute cyb-3(RNAi) conditions for the dhc-1ts experiments and the
GFP::AIR-2 overexpression assays, T7 and cyb-3(RNAi) bacteria were induced, pelleted,
and R/S as above. 10 µl bacteria expressing cyb-3 dsRNA and 190 µl T7 bacteria were
mixed in a 15 ml conical, vortexed, and briefly centrifuged at low speed. The pellet was
R/S in the same supernatant and plated as above. For the dilute cyb-3(RNAi) plus dylt1(RNAi) experiments, 10 ul bacteria expressing cyb-3 dsRNA and 190 ul dylt-1 dsRNAexpressing bacteria were plated. For cyb-1&2(RNAi) analyses, sense and anti-sense
mRNAs corresponding to ZC168.4 (CYB-1) were transcribed from linearized templates
using a T7 in vitro transcription kit (Ambion, Austin, TX), mixed, heated at 90°C for
five minutes, and annealed at room temperature (RT). cyb-3 dsRNA was also generated
in this manner for direct comparison of injected animals. dsRNAs were injected into the
gonads of OD57 L4 larvae and the injected animals incubated at 25°C O/N.
Immunostaining
Embryos from adult hermaphrodites were fixed and stained as previously
described (303). Primary antibodies used were anti-!-tubulin (1:2000; Sigma, St. Louis,
MO), anti-HCP-1 (1:500) (62), anti-BUB-1 (1:5000) (304), 3F3/2 (1:250) (305), antiGFP (1:500) (Invitrogen, Eugene OR), anti-pICP-1(1:500) (150), anti-Phospho-cdc2
(Thr161) (1:500; Cell Signaling), and anti-Cdk1 (pTpY14/15 1:500; Invitrogen, Carlsbad,
CA). Secondary antibodies were: Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor
555 goat anti-rabbit IgG (both at 1:1000) (Invitrogen Molecular Probes, Eugene, OR).
For HCP-3 and BUB-1 co-staining experiments, anti-HCP-3 (304) and anti-BUB-1
antibodies were directly conjugated to fluorophores utilizing the Zenon Tricolor Rabbit
IgG labeling kit (Invitrogen Molecular Probes, Eugene, OR) as per the manufacturer’s
instructions. The labeled antibodies were incubated on slides with fixed embryos for 3
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hrs at RT. Slides were washed three times with PBSTb (PBS, 0.1% TritonX-100, 0.1%
BSA) and mounted with ProLong Gold with DAPI (Invitrogen Molecular Probes,
Eugene, OR).
For MAP staining, experiments were performed using control or cyb-3(RNAi)treated gravid hermaphrodites reared at 25°C. Embryo fixation and antibody application
was performed as previously described (306), albeit with these slight modifications:
approximately 20 worms were placed on each slide and embryos were not excised from
the adult worms. The slides were incubated with the a-tubulin antibody (1:2000) and
either anti-DNC-1 (1:400) (306) or anti-BMK-1 (1:500) (278) antibodies O/N at 4°C.
The following secondary antibodies were applied for 2 hrs at RT: Alexa Fluor 488 goat
anti-mouse IgG and Alexa Fluor 555 goat anti-rabbit IgG (both at 1:1000) (Invitrogen
Molecular Probes, Eugene, OR). After washing, slides were mounted with ProLong
Gold with DAPI (Invitrogen Molecular Probes, Eugene, OR).
The following procedure was used for taxol treatment of embryos. All steps
were performed at RT. ~ 30 adult hermaphrodites were cut open into a 30µl 1:9 bleach
solution (diluted from a 6.15% sodium hypochlorite stock with M9) on a microscope
slide. After 3 min incubation, embryo concoctions were R/S in 1 ml M9 and centrifuged
at 1,500 g for 1 min. The embryo pellet was R/S in 30 ul chitinase (1 µg/µl), incubated
for 5 min, and centrifuged 10,000 rpm for 20 sec. Pellet was R/S in 10 µl Taxol (100
µM in (M9 + 1% EtOH); Oregon Green 488 paclitaxel Molecular Probes) or vehicle
(M9 + 1% EtOH) and incubated on a microscope slide for 4 min. A coverslip was
placed on the slide and slight pressure was applied followed by 1 min incubation to
facilitate Taxol entry. Slides were then placed on a metal plate chilled with dry ice and
immunostained as above.
Image Analysis/Immunoquantitation
Immunofluorescent images were acquired on a Nikon 2000U inverted
microscope equipped with a Photometrics Coolsnap HQ camera. Metamorph software
was used for image acquisition. Z-sections were acquired at 0.2 µm steps using a
60X/1.49 NA objective. Z stacks were projected and deconvolved for 10 iterations using
Autodeblur (Autoquant Media Cybernetics, Bethesda, MD). For immunoquantitation of
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pICP-1 levels, deconvolved images were imported into Imaris x64 software (Bitplane,
St. Paul, MN). 3D isosurfaces were generated based on minimal threshold values within
the experimental set, and corresponding sum voxel intensity values were collected for
each embryo within the data set. Since cyb-3(RNAi) embryos are defective in meiosis II
and have increased DNA content, the ratio of the sum intensity values of (pICP-1/DAPI)
was computed and used for quantitative analysis.
Live Imaging
Embryos from control and RNAi-treated (by feeding or dsRNA microinjection)
animals were mounted on 2% agarose pads and imaged using a spinning disk confocal
(Perkin Elmer, Waltham, MA) attached to a Nikon TE2000U inverted microscope.
Images were acquired using an ORCA-ER digital camera (Hamamatsu, Bridgewater,
NJ) and a 60X 1.45 NA Plan Apo VC lens. Ultraview software (Perkin Elmer) was used
to control the confocal, microscope, and camera. Images from JS967 embryos were
taken at 15 sec intervals while 30 sec intervals were generated for all other strains; Zsections were 1 µm.
Immunoprecipitation and Western Analysis
Gravid N2 C. elegans hermaphrodites treated with control or cyb-3(RNAi) were
subjected to the alkaline hypochlorite method to isolate embryos (151). Embryos were
briefly washed in PBS and resuspended (R/S) in lysis buffer (PBS, 20mM HEPES, 1%
NP-40, 50 µM #-glycerophosphate, 1 mM Na3VO4, 1 mM dithiothreitol [DTT], 1 mM
EDTA, 1 mM PMSF + complete protease inhibitors (Roche Diagnostics, Indianapolis,
IN) and sonicated 3 times over ice for 30 sec each. Following centrifugation at 12,000
rpm for 10 min, the clarified lysates were immediately used for immunoprecipitation. A
1/10 volume of Protein G-Sepharose beads (GE Healthcare, Piscataway, NJ) was added
to the lysates and rocked at 4°C for 1 hr to preclear the extracts. The supernatant was
isolated after a brief low-speed spin to pellet the beads. Protein concentration was
determined by Bradford assay (Bio-Rad, Hercules, CA).
For immunoprecipitations, 500 µg embryo extract was incubated with 3 µl CYB3 antibody (270) O/N at 4°C. 1 µg GFP antibody (Invitrogen, Eugene OR cat no
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A11122) was used for GFP::DHC-1 immunoprecipitation. 50 µl protein G-Sepharose
beads (in a 50:50 slur) were added and the extract incubated at 4°C for an additional 2
hr. The beads and isolated immunocomplexes pelleted via low-speed centrifugation and
washed four times in lysis buffer without NP-40. Samples were separated by SDSPAGE, transferred to nitrocellulose, and the membranes probed with the CYB-3
antibody (1:1000) or !-tubulin antibody (1:3000). Western analysis was performed as
previously described (151).
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VITA
Early childhood life was a challenge from the start for me, being born two
months premature and weighing 3lbs 6oz. However, I quickly gained weight and
showed no sign of permanent complications due to my premature birth (at least
outwardly LOL). I was a sensitive child that loved animals and was brought up in a
family that valued education, both academically and musically. My mother was a music
teacher and taught me piano at an early age. However, I quickly became aware of my
talent with singing and began concentrating on learning appropriate vocal technique in
my early teenage years. I also succeeded in school, hardly ever getting less than an “A”
in all subjects. Throughout my life, however, was an absence of parental figures,
especially a father. My mother and father divorced when I was a year old as he was
unwilling to work to support his family and was an alcoholic. So, my mother, brother,
and I moved in and out of my grandparent’s house (maternal side). When not living
with my grandparents, we lived in trailers. Luckily, my grandparents were terrific
people who supported me and ingrained the value of education in me. However, the
disparity between what I felt inside as my unlimited potential as an intelligent and
talented person maturing into adulthood and the confinement of the outside world due to
financial difficulties was very distressing to me. Also, my family taught me that people
are untrustworthy and they did not allow me the physical or mental freedom to get close
to anyone. I was basically “secluded” my entire childhood until I graduated high school
in 1996 at which time a swift onset of depersonalization disorder kicked in and has
remained with me today (although the “symptoms” are nearly non-existent and lie
somewhere in the background).
Many people may have acted out in violence or opposition to a childhood full
of disappointments. However, I must have made the decision early in life to learn
subjects that interested me (i.e. Science, Math, and Music), focus on but then forget
material that I could care less about (i.e. History), and disconnect at some level from the
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daily confusion that was my childhood. I graduated in the top 20 students of my high
school class of over 400, was a member of the National Honors Society, Who’s Who
Among American High School Students, and Tri-M Music Honor Society. I was also
involved in chorus and musical theater during high school, often having the lead male
role in musicals… I guess those gay genes were my saving grace! After high school I
enrolled at a local college (Stockton College) due to financial difficulties with an
intended major in psychology and minor in music. Chris Narcisco entered my life fulltime when I started college (I had known him in high school when I was convinced that
he had stolen his brand new Nissan Maxima from an elderly woman at the nursing home
he had worked at) and he took me under his wing to guide me in the right direction. If a
God exists, It brought Chris and I together at that time in my life to show me true love
and support. Turns out, he was and remains a very hard worker and did not mug an
elderly woman after all! :) After two years at the local college, I decided that obtaining
student loans and getting a better education at a higher accredited university (Rutgers)
was a necessity due to the limitations of the local college. The Rutgers biology
department was fantastic, and many of my classes centered on neuroscience. I changed
my major to Biology, with a minor in Psychology. Also, I was fortunate to join one of
the choruses at Rutgers and enrolled in vocal training with several music professors. I
entered Dr. Bonnie Firestein’s lab toward the end of my education at Rutgers to obtain
lab experience. I was so fortunate to have contacted her at that time since she had just
started her lab in the neuroscience department. The hands-on laboratory training she
gave offered me the rare opportunity to work directly with an experienced scientist.
I am proud to admit that I am the first person in my family to obtain an
advanced degree beyond a Bachelor’s degree. Although my mother’s B.A. was in early
childhood education, other than teaching music to children she never capitalized on her
degree. My grandmother obtained her B.A. in library science around the age of 50 and
was a librarian for many years. Lastly, I have legally changed my last name within the
past year to my grandmother’s maiden name (Deyter) in honor of her memory and for
personal gratification.
Virtual address: gmdeyter@gmail.com
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